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A B S T R A C T
A study has been made of the principles involved in 
displacement measurement using optical methods, with particular 
emphasis on intensity - modulated laser beam techniques. Some of 
the compromises in performance possible in differing situations 
are discussed. Previous research has dealt with an approach 
using coherent optical interference. The two methods are 
compared theoretically, and it is shown that certain advantages 
are possessed by the Modulated Beam technique.
An important component in the system discussed is the 
Intensity Modulator. Methods of electro-optic modulation have 
been studied, and a modulator using Lithium. Niobate has been 
designed and built. It requires low modulation voltages, 
operates in the v.h.f. region, and has the important advantage 
over similar modulators in that it is completely insensitive to 
temperature.
A theoretical analysis has been carried out on the design 
of a modulated optical carrier system, which includes a novel 
approach to the measurement of displacement and distance. Experimental 
measurements and results from a practical system, using an external 
target at 60 metres range, are described and shown to compare sat­
isfactorily with theoretical predictions.
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l.e.d. Light Emitting Diode
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Very High Frequency
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S U B S C R I P T S
B target, for example a building
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diss dissipated
e error
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m modulation
max maximum
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C H A P T E R  1 
INTRODUCTION, SUMMARY AND CONCLUSIONS
1.1_______ INTRODUCTION
The measurement of distance using optical techniques is 
today both a well-established art, having been in use for more than 
two decades, and an expanding research area, with a large 
number of scientific papers having been published in the last two 
or three years.
Whilst the original experimenters used such devices 
as powerful Xenon lamps as their light sources, the emphasis in 
the last few years has been on the use of the various types of 
laser which have become available. Ruby lasers have been used 
for pulsed "laser radar” systems, gas lasers for continuous 
beam systems using the property of coherence of laser light or 
employing high frequency modulation, and, most recently, semi­
conductor diode lasers, again for pulse techniques.
Apart from the primary purpose of such measuring devices, 
that of determining distance, the remote measurement of displacement 
or oscillations of objects is an interesting application. In 
particular}the possibility of measuring the amount of sway of 
tall buildings due to the effect of wind can be examined.
There are compelling reasons v;hy this type of measurement 
capability could be of use today.
In modern building design, as in most other fields, the 
cost-performance criterion is becoming an increasingly important 
consideration. Current methods of construction of light, high 
towers and blocks mean that materials are being used much nearer 
to their limits when subjected to high winds. The.’factor of 
safety’ which is widely used in building design has taken a 
new meaning, and it is no longer good enough to regard this 
merely as "inversely proportional to the ’factor of ignorance'"
mentioned in a recent seminar . Further to this, the necessity 
for a factor of safety will diminish, and be replaced by Ma 
statistical risk of failure which is a much more realistic 
approach. It is anticipated that savings in structural costs 
will accrue from this more accurate approach and a proper 
understanding of its performance.” The reason for proposing a 
statistical rather than a deterministic approach is due to a 
better understanding of the problem. Fluctuations in wind 
strength can only be stated in statistical terms.
Three stages are involved in the determination of a building1 
behaviour in wind, firstly, the spectral frequency content of the 
wind, secondly, the effect the building has in modifying this, 
and thirdly, the effect of the building’s frequency response to 
the mechanical forces^**"\ The resulting frequency response 
will show large peaks at the resonant frequencies of the building.
These resonances will be of the order of a few Hertz for large 
buildings, but may be considerably higher for tall, flexible 
structures such as chimney stacks and masts, possibly up to 
250 Hz*.
In order to examine the response of buildings to winds, 
some method of measuring displacement from rest position of 
several points on a building is required. This can.be done by 
placing accelerometers on the building and transmitting their 
outputs to a data collection point. A method with several 
advantages is to direct an electromagnetic wave to any point on 
the building, and thus measure displacement remotely. To be 
useful, this measurement should be possible without needing to 
fix reflectors onto the building,so that no preparation is 
necessary, and any number of points on a building can be examined 
in detail. In these conditions, the measurement problems become 
quite demanding.
Various techniques exist for Tellurometry using 
electromagnetic waves, including pulse timing, phase detection, 
and Doppler frequency detection. The order of wavelength 
(microwave or optical) used in these applications is of considerable
* Private Communication from D. Ilighgate, E.R.A.,Leatherhead
importance, and can be chosen to exploit particular benefits in 
a given case. For example, it is easy to direct an optical 
beam to a small area of a building, whereas a microwave beam 
might expand to cover the area of, say, a tennis court.
The application of these techniques to the measurement
of building sway provided the stimulus for research in this
(2) . .
Department. Work by H. Avsec was aimed at designing an
instrument to measure small target movements of the order of
microns, at ranges of a few metres, and used optical interference
techniques. The system actually measured the velocity of a
target surface by detecting Doppler frequency shift. It has
since been developed by Decca Radar Limited, and their ’Deccom’
instrument can detect movements of non-co-operative targets at
over 100 metres range.
The purpose of the present research has been to gain 
a thorough understanding of the principles involved in optical 
displacement measurement, and the trade-offs in design and 
performance which are possible in various conditions, and in 
particular to investigate techniques using an intensity modulated 
continuous wave (CW) laser as an alternative to the Optical 
Doppler Technique. It is suggested that modulated CW systems 
can, in some fairly typical circumstances, have a comparable 
or better performance, specifically when using non-co-operative targets.
1.2_______ SUMMARY
This thesis contains an examination of the field of 
distance and displacement measurement using electromagnetic 
waves, together with the results of practical tests designed to 
evaluate some theoretical predictions. Specific attention is 
given to the relative merits of optical interference techniques 
and modulated optical carrier methods. A system of the latter 
type has been designed, built and evaluated.
In Chapter 2, instruments which have been used to 
establish the velocity of light, and to measure distances, are 
reviewed. Most have been designed for high accuracy and may 
require considerable time to register a complete reading. A 
few are designed either to measure a time varying distance, 
for example in terrain scanning, or to respond to target velocity, 
as in the case of Avsec’s instrument. These latter types must 
handle rapid variations in range or velocity.
In terms of Information Theory, there is, of course, 
a trade-off possible between precision of measurement and time 
allowed to make it, and this factor must be considered in 
designing a measurement system.
The theoretical analysis and design of a modulated 
optical carrier system are detailed in Chapter 3. It is 
indicated that, for the type of performance required, there are 
advantages in using the narrow-beam, monochromatic output of a 
laser, as a carrier of a much longer wavelength modulation which 
contains the information. The cases for using Doppler frequency 
or Phase detection are discussed with regard to the sort of 
measurement to be made.
A comparison is made between four possible systems 
which employ phase detection. The system referred to as a 
Frequency Lock Loop is a somewhat novel approach to displacement 
measurement, with its own particular advantages. One advantage 
is that the minimum number of components is included in the 
basic phase measuring circuit, with a consequential improvement 
in intrinsic phase stability over other systems. Furthermore, 
the parameter related to target displacement is oscillator 
frequency, changes in which can be measured to high accuracy.
The theoretical performance. of this system is examined in detail 
in § 3.3.
Also in Chapter 3, the design of the optical system is 
examined, a graphical technique applicable to Gaussian-profile 
beams such as from lasers being used to adjust the physical 
layout and values of lenses and other components. The importance
of the nature of the target is also shown. The signal and noise 
components present in a receiving system employing various 
photodetecters, including an avalanche photodiode, are calculated. 
The predicted tangential.sensitivities are plotted against 
receiver aperture and range, for typical conditions. A comparison 
is also made, in Appendix 1, between the signal-noise ratios for 
a coherent optical system such as the Deccom, and a modulated 
carrier system such as the Frequency Lock Loop System which has 
been investigated experimentally in this project.
At the beginning of the experimental work, considerable 
difficulty was found in modulating the laser beam at a frequency 
as high as the 100 MHz chosen. This led to a detailed 
examination of electro-optic high frequency modulators, and in 
Chapter 4 this work is summarised. The end result has been a 
working modulater using Lithium Niobate. The reasons for its 
choice, the modulator design, and its practical performance are 
discussed in the same chapter.
The experimental measurements and results for the 
Frequency Lock Loop System built up, are recorded in Chapter 5.
The loop transient and static responses are characterised under 
fairly typical conditions, using targets mounted external to the 
laboratory, at ranges up to about 60 metres. The effect of 
ambient conditions such as sunlight and rainfall have been 
observed, and also the changes in measurement sensitivity when 
using co-operative and non-co-operative target materials.
Included in the Appendices are a comparison of the 
Coherent Optical with the Modulated Optical Systems; an examination 
of the Fresnel lens as a receiving lens; theoretical curves of 
signal and noise powers for several.photodetectors, as noted 
above; ’’velocity matching” in microwave electro-optic modulators; 
and, an analysis of the effect of circuit resonance on FLL 
performance. Also included are a collection of circuit diagrams 
for the most important components of the electronic system. These 
are mostly left without comment, a detailed account of their 
design being considered inappropriate in a thesis such as this. •
1.3 CONCLUSIONS
1 . 3 . 1  Modulated Optical Carrier Technique
The main conclusions that can be drawn from the exper­
imental work' concern firstly the use of the modulated optical carrier 
techniques and secondly the performance of the Frequency Lock Loop 
(FLL) system within this context. The measurements of signal and 
noise in the practical system have been shown to compare well with
d/
theoretical predictions.'1' It is therefore considered justifiable to 
extrapolate from these results to predict performance assuming 
improvements in some elements of the system. For example, one advantage 
of modulated optical carrier techniques is that the receiver aperture 
is not limited in size by the constraints which affect optical 
coherent systems. This could not be fully exploited in the experiments, 
as explained in Chapter 5. Furthermore, one of the advantages of 
using a laser is its monochromatic nature, which allows the insertion 
of very narrow bandwidth filters in the optical receiver.
Improvements in these two elements of the system alone could give 
rise to a received signal increase of 10 dB, and a reduction in 
background light-induced noise of 14 dB,.respectively. Under 
these conditions, the signal-noise r>atio would be limited by the 
noise due to the laser carrier power, which can be called the 
.quantum limiting case.
Even so, a further improvement is possible by .increasing 
the intensity modulation depth. These improvements are assumed in 
Appendix 1 where the typical signal-noise ratios for optical coherent 
and modulated carrier systems are compared. It is shown that, 
under these conditions, that of the modulated carrier system may 
be somewhat better. The relative performance of the two types of 
system is heavily dependent on receiver aperture sizes, and modulation 
depth (see Equation A.7.). As is mentioned in Chapter 3, some benefit 
may be gained by using a mode locked laser whereby effectively 
100% modulation depth can be achieved using a device which is 
only capable of a small depth of modulation when external to 
the laser cavity. However, this method does not easily allow 
variable frequency modulation, as required by the FLL system,
*For example, the tangential sensitivity for the measurement system 
built was 1 mm peak in 50 Hz bandwidth, which agreed closely with 
the theoretical prediction.
its repetition rate being dependent on the laser cavity length.
It should be noted here that the electro-optic 
modulator developed during the course of this project had a 
quite satisfactory performance, but with the constantly improving 
crystal, growing techniques, the quality of the Lithium Niobate 
crystals produced now should enable better extinction ratios 
to be attained. This being so, the real advantages of the 
modulator design, those of low voltage requirement, and freedom from 
any temperature dependence, can be exploited.
The possibility of using a semiconductor diode laser 
is becoming more attractive as device technology improves the 
power output capabilities, speed, and lifetime obtainable.
Modulation of a double heterostructure -Al G a ^  As laser at 
1 GHz repetion rate recently has been demonstrated, with an
(3)
output power estimated to be some hundreds of milliwatts peak 
Clearly, the system sensitivity using such a device would be 
improved. Firstly, sensitivity is proportional to modulation 
wavelength (other factors assumed unchanged). The wavelength 
of G.3m would be an order smaller than that used in the practical 
set-up where the modulation frequency was 100 MHz. Secondly, the 
signal-noise ratio could be improved by as much as 10 dB owing 
to the increased peak power.
A further point worthy of note is the large reduction 
in signal-noise ratio when using polarization rather than 
intensity modulation of the optical beam and a brick target.
Unlike the case when a specular reflector is used, the non­
co-operative target destroys some of the information being 
transmitted, by depolarizing part of the light. But with an 
intensity modulated beam, the only effect is of intensity 
reduction due to scattering and absorption in the brick surface, 
which is present with either mode of modulation.
1.3.2 The Frequency Lock Loop System
1.3.2.1 Improvements in Performance
The FLL has been shown to perform satisfactorily under 
fairly typical conditions. Its operation has been carefully 
analysed, and the problems identified. As a result, some 
recommendations for improvements in the practical design can 
be made. The problems, most of which are common to all phase 
detection systems, are associated with the phase shifts and 
phase stability in the VHF electronic circuits, including 
the photomultiplier tube (PMT).
For example, the estimated time delay due to electron 
transit through the PMT is equivalent to some 9 m increase in 
target range. Of course, this can be taken into account by 
instrument calibration, but it is also sensitive to changes in 
PMT bias voltage» which is difficult to stabilise sufficiently. 
Referring to the relative performance curves of photodetectors 
in Chapter 3 and Appendix 3, it can be seen that the avalanche 
diode’s performance is only slightly worse in terms of signal- 
noise ratio than the photomultiplier’s. Additional advantages of 
the avalanche photodiode make it an attractive alternative. 
Firstly, its transit delay time is several orders smaller than 
that of a PMT. Secondly, it is a much smaller device which 
requires smaller voltages than does the PMT. However, its 
bias must be controlled accurately to keep the multiplication at
a constant level. One possibility, suggested by the work of
. . . .  (4)
Kulczyk into electronic mixing m  the avalanche photodiode ,
is to use such a diode both as a photodetector and VHF phase 
detector in the FLL system (see § 3.3). This has self-evident 
advantages and wbilld seem to introduce no insurmountable problems.
Ideally, the reference signal which -is fed to the 
VHF phase detector is derived from a point as near the 
optical modulator, electrically, as is possd.ble. This is to 
reduce the phase shifts present through any circuit. In
particular, the errors caused by phase shifts in tuned circuits 
with the oscillator frequency shifts need to be guarded against, 
and wide bandwidth circuitry used. All the electronic sections 
of the phase measuring loop can be dispensed with by using an 
optical reference beam. An optical beam (in antiphase to that 
sent to the target), can be produced by employing a polarizing 
beam - splitter as analyser in the modulator set up. The 
photodetector cathode can be then used to add the two optical 
signal intensities, the photodetector output being dependent 
on phase shift between the modulation waveforms. It is necessary 
to modulate the signal beam with a low frequency coding waveform, 
but this could be done fairly easily.
A possible drawback of the FLL system when measuring 
displacement is its dependence on range. However, this is 
turned to advantage when measuring range, which can be accomplished 
with a simple addition to the circuit. This suggests the possibility 
of providing an automatic routine which, in effect, determines 
range during a measurement of displacement, and delivers a 
correctly calibrated output.
1.3.2.2. Applications
The applications to which the FLL system can be 
applied are twofold. The first type of application would use 
the System in range and altitude measurement where the 
unambiguous range measurement in one step ensures fast measurement. 
The second is displacement measurement of the type including 
building sway, which application, it is noted in the introduction, 
originally presented itself as a useful goal. Other examples 
are the sagging of bridges under load, and any small movements 
of objects. An advantage of the System is that it gives an 
output proportional to movement rather than velocity, and hence 
is capable of following very slow movements. Further to these 
examples, there is the profiling of such diverse subjects as 
large dish antennae and natural terrain.
1.3.3. Summary
In conclusion, this Thesis presents the theoretical 
predictions relating to the performance of Modulated Optical 
Carrier systems, and especially to that of the Frequency Lock 
Loop design introduced here. Also presented, are the experimental 
results obtained from such a working system, which are shown 
to agree well with the theoretical predictions, and indicate 
the practical application of the system.
C H A P T E R  2 
GENERAL REVIEW OF DISTANCE MEASURING TECHNIQUES
2. 1_______ ESTABLISHING THE VELOCITY OF LIGHT
2.1. 1 _____Introduction
Distance measurement has been accomplished for many 
years using electromagnetic wave propagation through the 
atmosphere. The basis of all techniques developed for this 
is the known propagation velocity of e-m waves in the atmosphere.
For highly accurate measurements, the atmosphere can no longer 
be regarded as a homogeneous gas with a definite refractive 
index, dependent only on the average temperature and pressure.
In an open environment, the atmosphere possesses a dynamic 
structure of large- and small-scale temporal fluctuations, 
which give to an arbitrary line-of-sight path a certain statistical
( 5)
variance in apparent path length
The measurement of displacement from an arbitrary 
position, which is the subject of this research, fits into the 
wider field of distance measurement. Some of the techniques 
used now for determining distance originated as ways of measuring 
the speed of light accurately over known distances. Then, 
assuming the speed of light to be known, the same technique 
provides a measure of distance,
2.1. 2_____Brief Chronological Review
Fizeau first succeeded in determining the velocity of 
light through the atmosphere in 1849. His well-known Toothed 
Wheel experiment became the forerunner of the synchronous 
detection techniques common today. He was followed by Foucault (1850) 
and later by Michelson (1879) who later used an evacuated tube 
to achieve improved accuracy.
A large reduction in the required propagation path 
length can be gained if the chopping rate (i.e. the frequency 
of modulation) is substantially increased. When the limits for 
mechanical type choppers had been reached, the next important • 
development came with the use of the Kerr Cell optical phase 
modulator.
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The method used by Karolus & Mittelstaedt in 1928
was the electro-optic equivalent of Fizeau’s original Toothed 
Wheel (Fig. 2.1). In essence, two Kerr Cells were used in 
conjunction with Nichol polarizers to produce intensity modulation 
of the light beam. The two cells were placed in the transmitted 
and received beams, and modulated synchronously. Assuming a 
zero intervening path length, it was arranged so that maximum 
light was transmitted to the observer.' With a certain path 
length introduced, there was a delay before the light reached 
the second Kerr Cell. The modulating frequency was now increased 
until the delay time was equal to one quarter of a period of 
this frequency. The light was thus blocked by the receiving 
intensity modulator, and the velocity could be found in terms 
of modulation frequency and path length.
(7)
A further important development was that of Anderson 
in 1940. He again used the Kerr Cell, but now only to provide 
an amplitude modulated light beam (Fig. 2.2). The method can 
be treated as a radio frequency equivalent of the Twyman-Green 
Optical Interferometer. A "reference” beam is split off from 
the main beam and then reflected by M^ through the beam splitter 
onto the photomultiplier cathode. The main beam is either trans­
mitted to the target and back, or mirror M2 is rotated to return 
the beam directly to the photomultiplier. The two beams are 
not required to interfere on the photocathode, so no optical 
coherence :s necessary. However two resulting a.c. signals at 
the modulating frequency appear at the output of the photomultiplier 
having a phase.relationship dependent on the relative path 
lengths of reference and main beams. By adjustment of the 
reference mirror’s (M^) position, a minimum output can be 
obtained* Hence, the target distance can be computed in terms 
of movement of 11 plus an unknown integral number of wavelengths 
of the modulated light.
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Here, the idea of setting up a yardstick in space is 
clearly seen. This method, like the others, has ambiquity 
associated with it. This can be resolved by altering the 
modulation wavelength. The maximum unambiguous range is 
determined directly by the accuracies with which the base 
frequencies, and fractions of a wavelength can be determined.
The next major developments came during the war with 
the use of radar and the extensive development of microwave 
techniques.
A Microwave equivalent of the Michelson interferometer
(8)
was set up by Froome m  1951 , using waveguides to enclose
reference arm and beam-splitter, and propagating the main beam 
through air. A frequency of 24 GHz was used. Once again it 
was the velocity that was being derived, from measurements of 
frequency and wavelength.
(9)
A most important experiment was that of Bergstrand 
in 1943, which was the forerunner of several modern tellurometers 
and other devices. It overcame the main inadequacy in Anderson’s 
method by passing only the main beam onto the photomultiplier, 
and substituting an electronic signal for Anderson's reference 
light beam.
Anderson considered that his main error was due to 
his inability to make both beams come to the same point on 
the photomultiplier's cathode. Electron transit time differences 
caused by the relative displacement of the two beams on the 
cathode gave rise to unknown phase errors. Bergstrand, using 
a modulation frequency of 10 MHz,modulated the photomultiplier
H.T. supply at the same frequency, thus varying the photomultiplier' 
gain (Fig. 2.3). Consequently the output contained a term 
dependent on the phase difference between the two.
A low frequency source was also applied to the Kerr 
modulator and the PSD (Phase Sensitive Detector). This synchronous 
detection system provided an output voltage which swung through
TF
zero as the phase difference passed through rad. Thus, a 
very accurate 'null' could be registered.
2.2_______ DISTANCE & DISPLACEMENT MEASUREMENT BY E-M WAVES.
2.2. 1_____Introduction
Since 1950, more than a dozen instruments or experiments 
have been reported, which measure distance in a variety of ways, 
some of which are closely related to the arrangements described 
previously. Microwave radar provided a need for more accurate 
e-m wave velocity measurements but in addition it became clear 
that the techniques developed for velocity measurement could 
provide a substitute for the surveyor's tape. A selection of 
these instruments is briefly reviewed below.
2.2. 2_____The Geodimeter
Perhaps the first equipment to be used for distance
measurement was the 'Geodimeter', which operated in the same way 
as Bergstrand's velocity experiment (Fig. 2.3). A report of 
jtests performed in 1953 on surveying base lines in England,
appeared in the Empire Survey Review. A reflector was used 
at one end of the base line, containing 54 corner prisms. The 
instrument used two frequencies around 10 MHz to determine 
length. As it turned out, inaccurate results forced the 
investigators to reconsider the light velocity they had assumed, 
and to suggest a more likely figure. The estimated accuracy was 
about 3 in 106 for moderate distances of a few miles.
A modified version of this instrument is still available 
using a similar modulated light system, but with phase lock 
loop techniques being used to allow phase shifting and detection 
at a conveniently low frequency.
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2.2.3 The Tellurometer
The instrument, described by Wadley in 1956 
used a microwave carrier,. wavelength 10 cm. One important 
difference between light waves and the relatively long 
wavelengths of microwaves is divergence. The Tellurometer 
used an 18" diameter parabolic aerial, which produced a beam 
divergence of about 10°. It was argued that any ground 
reflection which could cause errors would be very small, as 
radio waves tended to be scattered isotropically rather than 
reflected in a predominant direction.
The problem of reflecting sufficient signal back to 
the transmitter was overcome very elegantly using a slave 
receiving station, and differing modulations for the transmitted 
and returning signals. Four modulation frequencies were used 
to give an unambiguous distance reading correct to about 
± 2" ± 3 p,p.m.
One advantage the microwave carrier system has over 
its optical equivalent is that the ’visibility’ at these longer 
wavelengths is much less affected by precipitation and fogs.
Heavy rain must be present before measurement becomes impossible.
As with optical systems, the ambient quantity which affects 
accuracy predominantly, is the localised air temperature, for 
which an average must be estimated. The Tellurometer has a 
useful range up to 20 or 30 miles. (A more recent instrument 
sold under the Tellurometer name uses a Gallium Arsenide 
IR emitting diode, and a passive retroreflector at the target.
The beam width is quoted as ij0 , and the instrument accuracy
better than 2 p.p.m.).
2.2.4 The Microwave Mekometer
The Mekometer was developed at the National Physical
^1 2)
Laboratory in 1960 by Froome et al.' . It makes use of a pulsed 
Xenon light source, the output of which is polarization modulated by an 
electro-optic (Pockels) crystal at microwave frequencies (Fig. 2.4).
The light beam is then reflected off a co-operative target, 
and is passed back through the same electro-optic crystal, 
through an analyser, onto a photodetector.
The operation can be explained in the following way.
The incident light is modulated, and results in a beam of varying 
ellipticity of polarization, which propagates to the target 
reflector and back. On passing again through the modulator, 
the elliptical polarization is either enhanced or diminished 
depending on the phase. The analyser then converts this to an 
average intensity, which is a function of delay.
The method used is very similar in essence to that of 
Karolus & Mittlestaedt (Fig. 2.1). By using only one modulator 
a possible source of phase error is eliminated.
The instrument is suitable for target distances up 
to 50 m or so. It uses a Xenon flash tube working off 2.3 kV, 
and an A.D.P. (Ammonium Dihydrogen Phosphate) electro-optic 
crystal which is driven with microwave pulses of approximately 
5 kW peak power and width 1.5 ys. The pulse repetition rate 
is low, 50 Hz, in order not to heat the crystal excessively.
The resolution is of the order of 1 in 10 6 over 50 metres.
2.2.5 The Decca Oscillation Measurement System (Deccom)
The Deccom has been developed recently as a result of
(2)
research work carried out at the University of Surrey by H. Avsec 
and uses the fundamental light wavelength as a yardstick. A laser 
interferometer is set up with one arm being the instrument-to-target 
section (Fig. 2.5), To be able to use non-co-operative targets,
■such as concrete, the receiving aperture is made the same as the 
transmitting aperture (see Appendix Al).
A polarizing beam splitter in the interferometer gives 
an output which can be passed to the balanced detector comprising
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another polarizing beam splitter, photodetectors, and differential 
amplifier.
By vibrating the reference mirror at a high frequency, 
and adjusting the resulting frequency modulation index, the 
balanced detector gives a fundamental and a second harmonic output 
of equal amplitudes. The second harmonic signal is reduced to 
fundamental frequency in a coherent mixer, and added to the 
fundamental signal. The resulting waveform at fundamental 
frequency can be shown to have a phase dependent on the target range.
Because of the unpredictable phase information with 
non-co-operative targets, frequency (hence velocity) information 
is used in practice. Line of sight velocities from 0.1 to 76 mm/s 
can be measured at 100 m in a bandwidth of 0.6 - 500 Hz.
2.2.6 Two Laser Distance Measuring Instrument
(13)
The instrument described here uses lasers emitting
red and blue beams, which are modulated at microwave wavelengths. 
Since the group index of refraction is a function of wavelength, 
the use of two different optical light sources makes it possible 
to correct for variations in the index of refraction'of the optical 
path. This technique cancels the first order effects of temperature 
fluctuation on refractive index along the propagation path.
The combined red and blue laser beams are polarization 
modulated by a KDP crystal, which is driven with 60 W pulses at 
a frequency of 2.8 GHz. The pulsed operation is necessary to 
limit power dissipation in the electro-optic crystal. The light 
is returned at the target by a polarization-preserving reflecting 
telescope,and again passed through the electro-optic crystal.
The beam is then passed through a combined analyser and separator, 
and the intensities of the resulting red and blue beams measured.
This is the basic method used by Froome , adapted' 
to the Two Laser system. But the method of range indication is
different. The intensities of the red and blue outputs of the 
modulator are kept at zero by altering the modulation frequency 
by small amounts as the optical path length changes. The direction 
of frequency change and its magnitude is decided in a special 
purpose digital computer, which also works out range information 
from the incoming data. The technique of frequency locking, 
similar to that used here, is examined more closely in § 3.2 & 3.3.
The accuracy of this instrument over a 5.9 km path 
length was about 4 parts in 10 million, averaging over 17 
minute periods.
2.2.7 Spectra Physics Geodolite
This commercially available instrument is a laser 
distance measuring device, and it comes in two versions. The 
first 5s intended for terrain distance measurements with a 
co-operative target, and has a resolution of 1 in 106 for 
distances over 1 kra, and about ± 1 mm for shorter distances.
The second version uses a more powerful Helium-Neon laser, and 
can be used in applications involving natural targets. Airborne 
altimetry and terrain profilometry are good examples. The 
resolution for this version is ± 3.0 cm, or 1 in 10 4 above a distance 
of 300 m.
Because of the different data output required for 
terrain profiling compared with that for distance measuring, 
the times required for registering a reading are very different 
for the two instruments. In the distance measuring version, a 
single reading is completed every ten seconds, and unambiguous 
results will take two or three minutes. When using the second 
version, the response time can be as low as 1 msec, with an 
analogue output of profile variations.
The Geodolite works on the pr5.nciple of detection of 
the phase difference between a reference signal, and xhe intensity 
modulated light signal received back from the target (Fig. 2.6).
But, unlike Bergstrand*s instrument which detected this phase 
difference at the photomultiplier receiver, or Karolus &
Mittelstaedt's , which passed the received light through what can
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be called an optical synchronous filter, this instrument is 
based on electronic detection techniques. Phase detection is 
carried out after optical detection and frequency changing,on 
signals of only a few kilohertz frequency. This makes high 
resoJ_ution possible, but it requires high phase stability in 
the intermediate parts of the system.
By using a laser the instrument gains several 
advantages. As is well-known, the monochromatic nature of 
laser light allows the use of a very narrow band optical filter 
at the receiver, in order to limit the background light received. 
Also, a very small divergence of the transmitted beam is 
possible with coherent light.
2.2.8 Laser Profilometer
Olsen's Profilometer was designed specifically
for the measurement of wave profiles on the sea. It is similar 
to the Geodolite (§ 2.2.7) using a Helium-Neon laser and 
employing electronic phase detection. To compensate for the 
wide range of signals backscattered and reflected from the sea, 
a large amount of electronic amplifier gain control is included. 
For profiling from a fast moving aircraft, speed of response 
must be high, and this instrument has a bandwidth of 10 kHz.
The receiving dish is only 4" in diameter, but an optical 
filter of a few Angstrom bandwidth is included to reduce 
background light level. The Profilometer has an accuracy of 
± 2 cm approximately, using a laser of 15 mW power output.
The profile data are recorded directly on F.M. tape recorders, 
as all analysis is carried out after the flights.
2.2. 9 FM-CW Laser Range Measurement
A' frequency modulated (Laser) signal which is sent to 
the target and back, is compared with the instantaneous signal 
at the receiver. For target ranges greater than zero and less 
than a maximum, there will be a frequency difference between 
outgoing and received signals which is dependent on range.
(16)This principle has been employed using microwaves and,
(17)more recently, by Honeycutt & Otto using a 3 V? CO 2
infra-red laser. They employ a CO2 ring laser with one mirror 
mounted on a lead zirconate transducer. The laser frequency 
is modulated by altering the cavity length, and the transmitted 
and received beams are mixed in a liquid nitrogen cooled 
germahium-gold IR detector. The frequency deviation achieved 
is 20 MHz, which, with a modulating frequency of 45 Hz, results 
in a beat frequency of 12 Hz per metre target range. They 
have tested the instrument for ranges to 115 m. A similar
(18)
system has been developed at the Royal Radar Establishment 
A 2W, CO2 laser is used, but a frequency deviation of 1.5 MHz, 
with modulation frequency of 2 kHz is chosen. This gives a 
beat frequency of 40 Hz per metre target range.
2.2.10 Double Frequency Interferometer
A recently developed commercial instrument (Hewlett 
Packard 5525A) uses Zeeman splitting in a laser plasma tube 
to give an output consisting of two discrete frequencies. One 
of these is directed at a remote retro.-reflector assembly, 
from which the returning beam is mixed with the other emission 
in a photodetector. A second photodetector is arranged to 
detect both laser outputs directly. The difference frequencies 
produced at the photodetector outputs are fed to two digital 
registers, which count cycles of these frequencies. After a 
set integration time the difference between the two counts is 
taken, and the process repeated. This takes place 200 times 
per second, and the output represents the distance travelled 
by the retro-reflector in units directly related to the wavelength 
of light.
The accuracy of this technique, which has the advantage 
of requiring no time for laser warm-up and stabilisation, is 
quoted as 5 in 107 , neglecting uncertainties in the assumed 
velocity of light.
2.2.11 Optical Ranging in the Soviet Union
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In a fairly recent review article, Adrianova et al. 
discuss the development of optical ranging techniques. It is
marked by innovation both in detection and optical modulation 
techniques. The source of light used has progressed from the 
incandescent lamp to the gas laser, which has been modulated
by polarization-type devices at 100 MHz. Gallium Arsenide
. . (20) 
emitters are now used, giving ranges better than 10 km
(21)
Work has been done on electronic mixing m  photodiodes
but the main innovation has been with photomultipliers. The
electronic signal has been applied between the cathode and first
dynode rather than across the whole tube. Even lower drive
voltages are needed when modulation is by electrodes mounted
(22)
outside the envelope, and near the cathode . One or more . 
signals, of the order of 1 volt, may be applied to these 
electrodes, which control the cathode electron emission current 
(Fig. 2.7).
In the GD 314- & KDG 3 mentioned in Adrianova’s review, 
both mixing down to an intermediate frequency, and phase detection 
take place in the PMT. The G.D. 314 uses a semiconductor light 
source which requires cooling, but an improved version, the 
KDG 3 incorporates a room temperature operating device. The 
mixing circuit is shown in Fig. 2.7. It can be seen that the 
phase of the reference IF signal is inverted at a rate of a 
few kilohertz, so the phase sensitive voltage at the output 
of the PMT is actually an a.c. wave, which can be amplified 
easily to a suitable level. It is then demodulated in a narrow 
band synchronous detector.
Advances in electro-optic modulation are expected to
enable operation in the gigahertz region, with consequently
improved accuracy. A 10 GHz modulator: has been used under
laboratory conditions to give accuracies of ± 0.02 mm. Prototype
ambient temperature pulsed laser diodes will be used for ranges
(23)
greater than 10 km . The trend seems to be towards lighter 
instruments, with the aim of eliminating all the heavy, precision 
optics now used.
2.2.12 Pulsed Laser Radars
2.2.12.1 Introduction
Optical radar methods of ranging are not, in fact, 
fundamentally different from the so-called phase detection 
methods mostly discussed, so far. There is, in principle, no 
clear dividing line between the two, but pulsed laser radars 
will now be discussed separately. One distinction is that the 
technique used is to time the flight of short pulses to and from 
the target, generally using a digital counter. The important 
feature is the use of very fast-response light emitters, photo­
detector, and amplifiers.
One limitation of pulsed laser rangers is their maximum 
pulse repetition frequency. This is obviously limited by the 
maximum average power dissipation that the transmitter can stand. 
A certain degree of smoothing of the output data samples may 
be necessary to achieve a given accuracy. But in the process, 
the response time of the system to range changes will be 
correspondingly limited. The-pulse width is made, therefore, 
as small as possible. For a given average power output, the 
signal strength is increased, which will increase the accuracy 
of pulse time measurements.
2.2.12.2 Apollo 11 Retroflector Experiment
on. n (24, 25) , . (26, 27)
This example and similar ones,
are noted in passing. A four-stage ruby laser emits 3-4 ns 
pulses once every three seconds. The peak power is about 1 GVJ, 
and the beam, which is collimated to about 5 yrad, spreads to 
about 1.6 km diameter at the moon, almost a quarter of a million 
miles away. Experiments have set the earth-moon distance with 
a repeatability of 15 cm (This is using the internationally 
accepted astronomical value for the velocity of light, defined 
to about 1 part in 106).
2.2.12.3 Laser Altimeters
The main uses for laser altimeters are for profiling 
of terrain, but some work has been done on small instruments 
to measure aircraft altitude.
(28)
Vaughan uses a GaAs laser diode which must be
operated at 80°K. Current pulses of 200 A are necessary to 
get 50 W peak output. A rise-time of 25 ns gives an accuracy 
of ± 5 ft. ± 1% of range, up to 2,000 ft. or 600 m. A 30 cm 
diameter Cassegrain reflecting telescope is used, with a silicon 
photodiode detector. The output is displayed on Nixie tubes, 
and can be recorded also on punched tape. The repetition 
pulse rate is up to 100 kHz.
(29)
Hopson & Beavin . use an ambient temperature GaAs 
laser diode, with up to 100 W peak power output, with a 5 ns 
rise-time. The receiving lens is only 5 cm diameter. The 
pulse repetition rate is 1 kHz. Tests with a 10% reflecting 
target showed a maximum range in dayjight of about 270 ft. However, 
this altimeter was specifically designed for obtaining high 
precision measurements, at low altitude, in a variety of weather 
conditions. Heavy fog was considered the severe limitation on 
its range, and on its accuracy which was about ± 15 cm.
2.2.12.4 Aircraft Ranging
A recently reported example of this is by Cooke 
His ground based instrument also incorporates automatic tracking 
and data recording, but the basis of the ranging system is a 
flash-pumped, Q-spoiled Nd-YAG laser, developing 1MW peak power 
at 100 pps in a 10 mrad beam. A retro-reflector target has to 
be fitted to the aircraft, and an accuracy of ± 15 cm is quoted at 
ranges up to 19 km.
2.3 THE PRESENT APPROACH TO THE DETERMINATION OF THE VELOCITY 
OF LIGHT
While the precision required of the type of measuring 
device being studied does not nearly approach the present day 
accepted accuracy limit of the speed of light measurement, the 
current and expected values for this are briefly discussed.
The internationally adopted figure for the speed of
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light is now accepted to 1 part in 10e, but this accuracy 
is inferior to the reproducibility of 1 part in 108 of the 
present length standard (86 Kr 605.8 nm at triple'point of 
Nitrogen temperature) and the accuracy of the 9 GHz Caesium 
frequency and time standard (1 part in 1012). A determination 
of the speed of light to the full accuracy of the Krypton 
wavelength standard should be possible using the fairly recently 
discovered IR mixing devices. These include point contact 
metal-metal diodes and Josephson superconducting junctions.
Using HCN, H^Ojand CO^ lasers as transfer oscillators, locking 
of the Caesium transition at 9 GHz to the Krypton 86 emission 
frequency has been demonstrated.
The use of the narrow laser spectral emissions as
standards of frequency ana wavelength was originally limited by
the drift due to temperature changes and gas pressure changes.
A stability of a few parts in 106 was typical. However, it is
now possible to stabilise the laser wavelength by using the
hyperfine absorption lines in certain dyes and other chemicals.
For example, the iodine molecule has lines which fall within the
tuning range of the visible He-Ne laser, and a laser has been
(32)
reported which is servo-controlled in this way with a
(33)probable stability of a few parts in 1012. A similar system ,
only using difluoro-ethylene, has been used to stabilise the 
output of an HCN (890 GHz) laser (1 part in 10s).
To achieve accuracy comparable to the 86Kr wavelength 
standard with a laser, it is necessary to keep the errors due
to diffraction small, so a wavelength of less than 10 ym should 
be used One procedure suggested is to modulate a
visible He-Ne laser with the 00^ laser output (in a Proustite 
crystal), and to use the resulting sidebands for the wavelength 
determination. An advantage of using a laser wavelength 
standard is that coherence lengths of hundreds of metres are 
attainable, rather than the 80 cm of the Krypton 86 source.
With the ability to frequency translate from the
microwave to the visible region, it is possible to contemplate
an agreed value of the speed of light in terms of the defined.
C 36)wavelength and frequency of a single laser emission while
still being able to use the frequency to derive the standard 
time scale.
2,4 DISCUSSION
2.4.1 Introduction
A broad picture emerges from this review as to the many 
similarities between the designs discussed. All of the types 
discussed here have used electromagnetic waves in two specific 
parts of the spectrum, as the vehicle for carrying information. 
These two are the microwave^ and the visible and near infra-red 
bands, although as device technology progresses, work is being 
done in the intervening bands.
Microwaves and visible light can be transmitted as 
continuous radiation, or can be modulated with some other 
waveform, from which the distance information is retrieved.
For light, the former course of action is optical interferometry. 
In its simplest for™ this is unattractive for several reasons. 
Firstly, over the sort of distances envisaged, atmospheric 
turbulence severely distorts the beam. Secondly, the light 
wavelength is so small, that the system is inherently too 
accurate. Hence, it will most likely lose out in other respects. 
Exceptional circumstances might demand the accuracy capability.
An example is the earthquake-prone California area, along the 
San Andreas fault line. Here, an optical interferometer has 
been set up,.in a narrow tube to monitor continuously small 
movements of tht bed rock. Similar work has been done in an
(37)abandoned railway tunnel in Washington State .
Where optical heterodyning is used, as in the Decca 
system, the advantages which accrue may outweigh the above 
disadvantages. This particular example is compared with the 
modulated optical carrier technique in Appendix Al.
For microwave radiation, the question of atmospheric 
stability is also important, but the wavelength is some four 
orders larger. This is a more convenient size than light wave­
lengths.
2.H.2 Techniques using Modulation of Light
Now, dealing exclusively with modulated light detection 
techniques, a decision can be made between phase measuring 
methods and pulse delay devices.
The phase measuring techniques reviewed all use a 
type of synchronous or phase detector as the heart of the 
system. In essence, this can take two forms. The wavetrains 
which are to be compared or correlated, can be referred to as 
the signal and the reference. In one form of detector, the 
reference is made to switch the signal on and off, or else to 1 
periodically invert the phase of the signal. The second form of 
detector is a multiplier. It is arranged that the signal and 
reference are combined in a device in which the output is a' 
function of two independent inputs or variables.
On these lines, Fizeau's toothed wheel experiment used 
a mechano-optic detector of the switching type. Karolus & 
Mittlestaedt’s electro-optic system, was also a switched detection 
approach. Anderson’s method of detection is not so easy to 
categorize. He added the signal and reference, which were 
adjusted for the same amplitude, then used a tuned amplifier 
to extract the sum voltage at the modulation frequency. The 
magnitude of this would be proportional to the cosine of the 
phase difference being measured. But to derive a direct voltage
proportional to this a.c. waveform's magnitude involves switching, 
if only by a half-wave rectifier. So, the complete detection 
process falls in this first category.
The second type of phase detection, using multiplication 
is seen in photomultiplier (PMT) external modulation techniques. 
These are different to the normal phase detection which takes 
place at a PMT's.or other detector's cathode in an optical 
interferometer. There, the reference and signal electric 
fields add vectorially on the photocathode, and because of the non 
linear law of the device, the output current contains a component 
proportional to the product of the fields. In the case under 
consideration, the actual signal is impressed onto a light 
carrier, and the reference is usually an electronic signal. In 
Bergstrand's Geodimeter and Soviet instruments, the reference 
is used to modulate the PMT dynode bias voltages, or else the 
electric field in the vicinity of the photocathode. In either 
case, the output is a function of both signal and reference, so 
phase detection is accomplished.
Another form of product detector is in Froome'.s 
Mekometer. The polarization modulator and analyser together 
constitute an amplitude modulator. The output intensity is 
proportional to sin F, where F is the total retardation by the 
electrooptic crystal. This retardation (which results in a 
modified beam polarisation) occurs in two stages, before and 
after propagation to the target. Clearly, for some delays the 
two retardations will reinforce each other, and for some they 
will tend to cancel. Multiplication results from the 
interaction of the reference - the modulating waveform - with 
the signal returning through the modulator.
The last class of phase measuring devices includes 
the Geodolite, and the Profilometer, as well as some Soviet 
instruments. Here, the phase detection is done electronically. 
Although this may be easier in some respects, the interposing 
electronics must have sufficient phase stability, or nothing
will be gained. These instruments can have phase shifting 
elements in the reference chain,.so allowing adjustment for 
maximum sensitivity on the output characteristic, when 
measuring small displacements.
2.M-.3 Pulsed Optical Systems
Phase is possessed by a repet5_tive quantity, whereas, if 
light pulses are treated as discrete events, time delay is 
measured. The instruments reviewed are less accurate than those 
using phase detection, by about two orders. The conditions 
may not be similar enough for direct comparison, and either may 
be more fitted to a given application.
2.H.H______General Points
The source of light used has developed from filament 
lamps, through Xenon flash tubes, to gas lasers, and diode 
lasers and light emitting diodes.
Light receivers have used either reflection or refraction 
optics. The reflecting telescope is probably lighter, and less 
bulky for large aperture systems.
Display of information is generally not treated in 
great detail in papers and reports. In the first experiments 
the naked eye was probably used as "photodetector". However, 
later instruments will have used deflection-type meters as 
minimum indicators, and the latest Tellurometer, Geodolite, 
etc. have digital readout with the facility for punched tape 
output as well. This is important because of the introduction 
of data processing by digital computer.
C H A P T E R S
THEORY AND DESIGN
3.1 MEASUREMENT USING OPTICAL TECHNIQUES
3.1. 1_____ Optical Interference Techniques
All optical interference methods rely on there being 
coherence of the laser beam in the path length between transmitter 
and receiver. The received light can be mixed with a reference 
beam on a square law photodetector, and the- scale of movements 
measureable is of the order ot the wavelength of light. Some 
methods that can be used are:-
(i) Fringe counting, as used with small scale 
interferometry. Also, Doppler frequency 
measurement for dynamic situations
(ii) Polarisation modulation and synchronous 
detection (see § 2.2.4.).
(iii) Frequency modulation with coherent detection 
(see §2.2.9.).
(iv) Double frequency laser interferometry 
(see § 2 .2 .1 0.).
3.1. 2_____Intensity Modulated Optical Carrier Techniques
Using a light beam as the carrier of information, 
there are a number of ways of making displacement measurements.
The light beam need not be coherent, its intensity being of 
interest. Sinusoidal, square, or narrow pulse modulation can 
be used, and these sub-carriers may themselves be modulated.
Possible methods are:-
(i) The modulation can be compared with a 
reference waveform, in a process analogous to 
optical fringe counting.
(ii) Frequency sweep modulation.
(iii) Pulse modulation.
3.1.3 Choice of Technique
The type of measurement to be made with the proposed 
device, (the sway of buildings, profiling, etc.) and the expected 
conditions of use virtually eliminate the choice of techniques 
involving optical fringe detection. Firstly, the short wavelengths 
mean inherently a measurement precision several orders better than 
that required, with the attendant requirement of greater stability. 
Secondly, errors due to atmospheric fluctuations would be more acute, 
particularly in heavy rain or. fog (see § 3.8). Thirdly, when relying 
on light backscattered from the target, uncertainties in phase 
and amplitude of the received signal, as well as the effects of
(4:39)
depolarisation would be introduced 9
Of the optical carrier techniques, method (i) above is 
attractive. For the measurement of displacement of the order ,
of millimetres, the modulation frequency would have to be 
above 100 GHz, if "fringes" were counted. However, for the 
case when signal-noise ratio is above some 40 dE, phase dexection 
could be used with a modulation frequency of a few hundred 
Megahertz. The frequency sweep method (ii) can be shown to require 
a sweep range much larger than 1 MHz. With a repetition rate 
of several kilohertz, this is difficult to accomplish using a 
carrier frequency below the microwave region, and the technique 
is best employed in systems such as those outlined in § 2.2.9.
Mode locking in.a laser cavity can be employed to
give high power narrow-pulses, with highly accurate repetition 
rates for method (iii). But the advantage over intensity
modulation of the laser beam may not be very great. For narrow 
band detection, and assuming 100% intensity modulation as a 
comparison, the received signal is only up to 4 dB greater (this 
assumes the same average power output from the laser in each 
case). However, there may be an advantage in mode locking if 
a poor modulator is used giving less than 100% depth of modulation. 
Here, full mode locking may still be possible, because of the 
gain in the laser cavity. Any advantages gained would be offset 
by the extra complexity of mode locking.
The above considerations were taken into account when 
making a choice of technique to be used. From the preferred 
modulated carrier techniques, the phase detection method was finally
chosen as most suitable, using a modulation frequency of 100 MHz.
3.2 MODULATED CARRIER SYSTEM
3.2.1 Relative Advantages of Measuring Doppler
or Phase Shift on the.Modulation.
Doppler frequency shift on a sinusoidal waveform is the 
derivative of phase shift of the waveform with time. Hence when 
used to detect changes in propagation path of the waveform, phase 
shift information gives the change in effective path length, 
and Doppler shift information gives the rate of change.
To measure target oscillation, displacement rather than 
velocity is required, and therefore phase shift should be measured 
However some measuring instruments described, in Chapter 2 
do work on Doppler shift, that is they are essentially Frequency 
discriminators. With massive buildings, for example, oscillations 
are likely to be sinusoidal, in which case peak displacement 
(Ax) is simply related to peak velocity (v)
v = 2tt fnAx
D
3.1
where fg is the oscillation frequency of the building.
In this case, a Doppler shift instrument is useful for
measuring displacement, and a meaningful comparison can be made 
between signal-noise ratios necessary to measure a certain range 
of oscillators using Phase and Doppler detection.'1'
Firstly, the expected range of displacement amplitudes 
and oscillation frequencies must be stated. For tail buildings, 
towers, bridges and the like, amplitudes from 300 mm to 1 mm 
might be expected with frequencies as high as 250 Hz to 0.1 Hz or 
lower. Because of the large range of types of structure 
involved, relating maximum peak amplitude to frequency of 
oscillation is difficult. Resonances occur for tall buildings, 
whose harmonic components may exist up to 20 Hz or so. Lighter 
and more flexible structures such as lattice masts may have
large resonances up to about 250 Hz.
. Dynamic range can be expressed in terms of the signal- 
noise ratio with maximum signal, the noise level being assumed 
equal to the minimum signal to be detected. The signal 
received at the input is the same whether Phase or Doppler 
detection is used. The intermediate frequency bandwidth at 
the input (B-j-p) is thus the same in each case.
Assuming signal-noise ratio at input is greater
m
. . . . . (41)
than unity, signal-noise ratio at the output m  each case is
(i) I-I n
1.5
F.M.
DJmax
3i 3
m
IF Is-)M I
Jin F.M.
3.2
(ii)
max IF
P.M.
2 B
m in P.M,
3.3
*It should be remembered, however, that a phase measuring system 
can track positional changes, and therefore is more flexible.
Doppler Shift
1 Bjmax max
max
3.4
where Ag is modulation carrier wavelength
and f = B
B max m
Maximum peak phase shift (f>,
max
Ax
A max 
s
3.5
Defining a dynamic range D =
Ax
max
Ax . 
m m
Expressed in terms of signal-noise ratio, 
Dt
PM
PM
3.6
3.7
and using equation 3.1:-
FM
m m
max
N
FM
3.8
If D,'FM = ^PM s't i^e signal-noise ratios required in 
the two cases are related as follows:
fel
in FM
= 0.3
2
max
2
min
in PM
3.9
Equation 3.9 shows that the signal-noise ratio required 
in the Doppler case can be several orders of magnitude larger ■ 
than required in the Phase case for the stated conditions.
Fig. 3.1 shows the range of values of Ax and f to be 
measured, and superimposed on this, contours of constant velocity 
or Doppler shift. It can ne seen that if the measurement area 
sloped downwards giving smaller Ax values the higher the frequency 
f-., then Doppler detection would be more suitable.
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In either case, the bandwidth BT_ will depend on
lr
the ratio of frequency deviation of the received signal to
(41)modulation frequency or maximum peak displacement to carrier
modulation wavelength. (See Table 3.1).
TABLE 3.1
4ttAx
max
Xs
1
Number of pairs of significa 
sidebands (> 1%  of carrier) nt b if
0.2 1
2^fB^max
0.4 2
4 (fB^max
0.6 2
4 ^fB^max
o CO 2
6 ^fB^max
1.0 3
6 (fB )max
§ A
Figure 3.2 shows BT„ plotted versus f_ for several Ax ,
° IF B max’
with a carrier modulation frequency of 100 MHz.
The I.F. bandwidth must be wide enough to accept the
sidebands while remaining reasonably narrow so that the noise
levels will not swamp subsequent detectors. In practice, this would
be an extreme case, and the I.F. bandwidth can'be wide enough
for all signals likely to be encountered. The post detector
bandwidth will normally‘determine the noise level in the output, 
and can be adjusted for varying conditions, i
3.2.2 Limits on Resolution due to Signal Frequency Instability
There are two divisions of instability to consider, 
short term drift (better described as frequency modulation), 
and medium term drift.
The frequency modulation will have a certain frequency 
deviation Afg and average modulation frequency f .
Signal waveform is therefore
V (t) = V cos (to t + A's cos to t) ........... ........  3.10
s s — —  m
f
m
Phase Detection
When comparing a reference waveform with the signal, the 
phase error due to the above is
r 2 -  Afs
' C —  cos to t.dt. ................................... 3.11
o f m
m
For f^ greater than f^, averaging will reduce the effect
1"*
of Af. For f the same order as f_, (2— ) is much less than one 
m B - c
4n Afperiod, so phase error A(J) -  s r-      3.12
c
Af Ax .
IT , 1 • , . s m m  ^Hence the requiremanx is, —  «       . 3,lo
s
The above equation is also true for medium term drift, 
where both signal and reference waveforms have drifted away from
f .s
Doppler Detection
For spurious frequency modulation where fm “ fg > Af must 
be less than the Doppler frequency,
Af
i.e. ~ ~  «  —  Ax . (f ) ...............    3 .lq
fo c m m  B m m
but for medium term frequency drifts an error velocity is registered 
for zero target velocity. To overcome this, the signal must 
be compared with a reference derived from the signal source. The 
comparison can be done in a multiplier or phase sensitive detector.
In this case, the essential similarity between Doppler and Phase 
Detection becomes evident.
If measuring velocity,
Af v . .
 s << m m  ...................................... 3.15
f v
s max
3.2.3 Phase Detection Systems
3.2.3.1 Introduction
The sub-carrier phase is compared with a reference phase.
In principle, the phase sensitive detection could take
place before optical detection, at the photodetector, or after 
it, as the review of methods of measurements in Ch. 2 shows.
Phase detection before the photodetector requires 
coherent received light to work in the electrooptic modulator, 
and this is not admissible here (see § 3.5). To use a photomultiplier 
itself as a phase detector is a practical possibility but requires 
either a large voltage to be applied to its cathode, or rather 
special electrode arrangements. Additionally, the electrical 
output is dependent on the intensity of the received light. It
is not considered suitable in the present case.
3.2.3.2 System Using a Standard Phase Detector
The signal output from the photodetector can be amplified 
before being led to an electronic PSD. The best operating 
frequencies for electronic phase detection are in the tens 
of kilohertz range, so the original sub-carrier signal should 
be heterodyned to an intermediate frequency (IF) in this range.
There is, however, a possibility of phase instability occurring 
in the mixing circuitry.
Fig. 3.3 shows a straightforward circuit in which both 
the signal and reference are mixed to an IF by the same local 
oscillator. Errors caused by frequency drift in the local
Mixer Mixe:
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FIGURE 3.3 -
System using Standard LF Phase Detector
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FIGURE 3.5 
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oscillator are thus minimized. Limiting amplifiers are used to 
give constant amplitude square wave outputs to the phase detector.
3.2.3.3 Closed Loop Systems
Commercial low frequency PSD's, have drifts quoted at 
about 1 in 5 x 105/deg.C., which is good enough considered in 
isolation. The PSD will always read zero when the signal and 
reference are in quadrature, regardless of the actual signal 
amplitudes (within limits), and a null method is therefore 
clearly desirable. In can be achieved if the PSD is inside a
feedback control loop, in which the feedback signal provides the
output information.
To find the most suitable control loop type, the particular 
application must be considered. The measurements requ5.red of 
the system are displacement, and frequency of target oscillation, 
and these arc measured directly in a system measuring change in 
phase.
3.2.3.4 Delay Lock Loop
In this circuit, the error signal output of the phase 
detector is connected to a voltage controlled delay element 
(VCD). The reference signal is phase shifted by this element
until, with the loop closed, it is in phase with the incoming
(42) . .
signal. The loop is rhen locked, and the output voltage is
related to the VCD phase shift, and so to the incoming signal's
phase (Fig. 3.4). The Delay Lock Loop (DLL) relates signal
phase to an arbitrary reference phase. But, in practice, the
reference would be ultimately derived from the same source as
the signal, in order to overcome problems of drift. The loop
would most likely be used as shown, but with low frequency signals,
to-make the electronic variable delay sufficiently controllable.
3.2.3.5 Frequency Lock Loop
This somewhat new approach to closed loop control employs
phase detection at the original modulation frequency rather than 
at an intermediate frequency (see Fig. 3.5). In addition it 
employs a novel closed loop control system whereby a variable 
frequency oscillator is made to track changes in target range.
The oscillator frequency is constrained to change until the phases 
of received signal and reference waveforms become equal, when 
the phase detector output will be at a null. The frequency of 
the oscillator (specifically a voltage-controlled oscillator 
or VCO) is directly related to target range and movement, and 
an analogue output of this information is immediately available 
as the VCO control voltage. Alternatively, the changes in 
VCO frequency itself can be measured, if greater accuracy is 
required.
3.2.4 Comparison of Three Methods of Detection
Of the three methods of detection considered, firstly 
using a standard PSD, secondly a Delay Lock Loop, and thirdly a Fre­
quency Lock Loop, the first two both necessitate conversion 
of signal and reference to a low frequency. Unbalanced phase 
shifts in the two VHF mixers are potential sources of error.
Phase shifts in optical modulators and detector stages 
will affect all.three methods. Additionally the third method 
is susceptible to any phase shifts caused by the small changes 
in frequency as the loop tracks range variations. But, broadband 
amplifiers and modulator can be used, obviating this problem.
The second method car be considered a particular variant 
of the first, since the LF phase measurement is done using the 
Delay Lock Loop system rather than the more usual electronic 
four quadrant multiplier circuits. There is no doubt that the 
LF phase information could be detected precisely enough using 
either a commercially available PSD, or a DLL system (using 
digital techniques, for example*).
*G.M.S. Joynes: Internal Report (Theoretical Design). Department 
of Electronic and Electrical Eng5_neering, University of Surrey (June 1972).
A main advantage of the Frequency Lock Loop (FLL) 
is that the number of elements potentially able to introduce 
phase errors is kept to a minimum. These are the isolator, 
double-sideband suppressed-carrier (DSBSC) modulator, electro-optic 
modulator, the photodetector, and the PSD. The importance of 
using broadband circuitry has already been mentioned. Little 
trouble is to be expected from the square-law type phase detector, 
whose useful outputs are the a.c. difference frequencies between 
the reference and DSBSC signal waveforms. Any change in VCO 
transfer characteristic is automatically corrected by the feedback 
action, which makes it desirable to measure VCO frequency rather 
than control voltage, for highest accuracy.
A further advantage of the Frequency Lock Loop system 
is that it is possible to measure target range unambiguously by 
a simple addition to the system (see § 3.3.2). A possible 
disadvantage is that its response can only be treated as linear 
for small changes in range (e.g. for accuracy £ 2%. this change 
must not be greater than 2% of the original range). However, 
the response is predictable, and the availability of digital 
memories5for example,makes this disadvantage of small importance.
The above considerations led to the conclusion that 
the FLL system represented a good method to use in the proposed 
instrument.
3.3 FREQUENCY LOCK LOOP SYSTEM
3.3.1______ System Response
The basic operation of the Frequency Lock Loop System 
has been explained in §3.2.3.5.
Referring to Fig-, 3.5, if the phase shift caused by. 
the propagation delay is ^g^gS an^ that caused by the reference arm 
delay (assumed non-dispersive) is »
Phase difference (A(f>) at PSD is
= % i g . - o>ref)
(|) . can be expressed in terms of range r, and VCO angular frequency to 
sxg
. _ 2tor
sig c *............. ..........
and in terms of equivalent range rre;p
Substituting these in Equation (3.16)
A<J>
2to
(r ' Pref5
2to
c reff
By taking partial-differentials of Equation 3.18 w.r.t.to & 
the loop error signal can be written in terms of toQ and (r0)ef.p s 
the steady state locked frequency and effective range, respectively.
A<|> =
2to 2 fr )
Ar + 
c c
Ato
•with the condition that Ar «  (r ) __
o eft
Ato «  0)
For small changes in range and frequency Ar & Ato , the 
PSD output (error signal) vg = -K^ Acf).
-v
K. 2to 
1 0 Ar + Kl2 (ro)eff Ato
The loop is closed by feeding this error signal to the 
VCO input through filter networks F(s). (See Figure 3.6).
3.16
5
3.17
3.18
3.19
3.20
The transfer function of the loop can be found as shown 
in Fig. 3.7(a),(b) & (c) using the Flowgraph technique.
F(s)
x2(r )
o eff
VCO
Ago
•o v.
FIGURE 3.6 
Analytical Representation of FLL
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If F(s) is omitted, the system is zero order and so will 
have a non-zero steady state positional error. For zero steady 
state error, F(s) must include at least one integrator.
i.e. F(s) = F^(s ) . F^(s) 
where F (s) = ^
Rearranging Equation 3.21,
03 K F (s)
Ao)(s) = -Ar(s) 0 a *
frj ^  (s + K„ F„(s)) [ oj efr o 2 "
K4
where Kg = —
and the steady state response is
Ao) _ Wo 
^  (rojeff
3.3.2_______Measurement of Range
3.3.2.1 By Phase Reversal
The phase of the reference relative tc the signal 
waveform can be switched tt radians by including, for example, a 
double balanced modulator in the reference arm. This clearly has 
the same effect as changing the range by .
Therefore effective range }r 1 = ± — ~  ......
B  [ ojeff 4-Af
3.21
3.22
3.2.3
3.24
3.25
3.26
3.27
3.28
This measurement is x^ithout ambiguity, when Af is the 
smallest allowable change in lock frequency.
u y  uuuKiiig, j:
For a given range, the loop will lock at a range of 
frequencies. The range is expressible in terms of the difference 
between adjacent locking frequencies (Af).
Let there be n wavelengths present between transmitter 
and receiver (n not required to be an integer).
Then n^ A^ = (n^ + 1)A£ = 2
(Po) eff
From this
[roJeff " 2Af
3.29
3.3.3. Conversion of System from 1st to 2nd Order
3.3.3.1 Using Lag-Lead Filter
Following well-known control theory practice, the system 
can be made second order by making Fgts) a lag-lead filter (see 
Equation 3.25).
The Filter’s transfer response
1
3.30
and the circuit diagram is given in Figure 3 .8 .
R2 C
R.
T1 = CRi
t2 - cr2
FIGURE 3.8 LAG-LEAD ACTIVE FILTER
The Loop transfer response becomes
Ao)
Ar
0)
of eff
k 5[T2/ti)s + M  ]
s2 + K5 [T2/Ti_S+ K5/Tlj 3.31
This can be compared with the general form for a 
second order loop:-
2£o) s + 03 ' n n
s2 + 2^ 03 s + 03 2 n n
to give the following identities:- 
Natural frequency 03
K,
V J
3.32
Damping coefficient £ =
ton 2 3.33
The two parameters t1 & can be set independently 
of loop gain. This allows the bandwidth and transient response to 
be adjusted while retaining good tracking characteristics.
3.3.3.2 Using Low-Pass Filter
Alternatively, if the filter ma<^ e low-pass, with
a transfer function:-
V s) = ciT-rry 3.34
the loop transfer response becomes:
Kt
Au)
Ar ~ f i ]
03
eff s2 + Kt
?3
. ,..........  3. 35
Here, the natural frequency 03n = 3.36
and damping coefficient C  =  .....      3.3/
r & 203 T„
n o
In this case, only one parameter, , can be set
independently of gain, with the resulting restriction in design 
flexibility.
3.3.4 Determination of Open Loop Gain
A convenient method of arriving at the open loop gain 
has been found. By setting up the loop with a low-pass filter 
(as in § 3.3.3.2) and increasing the gain until £ = 1 , the open 
loop gain becomes simply related to T. .
From Equation 3.36 and 3.37, K c =     3.38
S 4t3
The gain setting for £ = 1 is found by examining the 
step response. It occurs just below the point where overshoot 
starts.
This value can now be used for the loop with lag-lead 
filter, giving:-
01 = / r - i —     3.39
n /  4T3Tl
This method has been found to be practically useful 
during the course of experimental work.
3.3.5 Transient Response
For the second order loop, the transient response to
. (43)
a step input is given as:-
A  toAw o
Ar
r— *---- 1 +..-y-..... exp (-C oj t)sin (to / 1 - £2 t .+ <J> )
[ ojeff /  1 - C2
3.40
where <J> = tan -l
/ l  - C2 2c
(1 - 2  £2)
- tan
7  i - r2"1
-£
3.41
To find the first turning point (peak overshoot) in 
this response, the first differential can be equated to zero, 
giving:-
tan
(“n
/ ♦) = / l  - 3.42
Plots of response with ^ as a parameter are given in 
Figure 3.9(a) and 3.9(b). In (a), open loop gain is kept 
constant, £ being a function of . Here the natural frequency 
remains the same. In (b), T2 is fixed, but is allowed to v a ^ ,  
with consequential effects on £ and u)n .
3.3-6 Frequency Response
For the second order loop, the half power frequency is
(44)
given as:-
(0o = 03
3dB n
2£2 + 1 + /  (2£2 + l )2 I- 1 3.43
The root locus plot for the loop with lag-lead filter 
is. shown in Fig. 3.11. From this, the frequency response has been 
plotted in Fig. 3.10(a) for fixed u)^ , £ variable, and (b) for 
03^  and £ varying with .
3.3.7 Trading off Bandwidth and Risetime with Loop Gain
The loop noise bandwidth is found by integrating the 
squared modulus of its transfer function over the input noise
bandwidth. Here, it is given
(44)
as: -
0)Ii
Single-sided loop noise bandwidth Br = —
•L* 2
(Hz) ... 3.44(a)
Conversely, the 'half-power frequency' for sinusoidal 
inputs is given as:-
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These bandwidths are plotted versus change in .loop 
gain, for constant in Fig. 3.12. For OdB change in gain,
the loop is set for co^  = 34.1 s 1, £ = 0.7071 . For reductions 
in gain, the loop noise bandwidth is shown to level off while 
the 3dB frequency continues to drop, which is an undesirable 
effect.
In addition, Fig. 3.12 shows a curve of step response 
rise-time versus the change in gain. Assuming this parameter is 
of prime importance (that is, neglecting overshoot and settling 
time), increasing the loop gain becomes progressively less effective 
in improving response.
The curves shown in Fig. 3.12 would have the same 
general shape whatever the value chosen for to . That is to say,Ta
for a nominal damping factor of 0.7071, and natural frequency set 
to give the required bandwidth and transient response, it is then 
possible to adjust the loop gain to achieve a modified 
performance.
It is worth noting that depends on the reciprocal of 
range. But, clearly, this will have small effect except for large 
changes in range.
3.3.8______ Pre-Detector Limiting and AGC
It is desirahle to include a limiter stage before the
PSD for two reasons. Firstly, with very high signal-noise
ratios at the input, the limiter action can be used to keep the
loop gain constant despite changes in signal strength*. Secondly,
with smaller signal-noise ratios it can make the loop adapt to 
(44)
the conditions . This adaption occurs because the natural 
frequency and damping both vary in proportion to the signal- 
noise ratio, when this is low. The noise level is decreased^
(44 45)
*An actual increase in signal-noise ratio can also occur 9 ‘ .
as the bandwidth narrows, although step response overshoot 
also increases. (see Figures 3.9 E 10).
Whilst hard limiting as outlined in the previous section 
has advantages, its use in the system under discussion may not 
be possible, large signal levels (hundreds of millivolts) being 
required for effective limiting. An alternative approach is to 
include automatic gain control (AGC) in the IF section. While 
this does nothing to improve signal-noise ratio, it could be 
employed more easily than a limiter in the loop, and would 
stabilise its gain.
3.3.9 The Effect of Using the Linearising Approximation
As previously shown, the steady state response of
~ ~  . The response is thus hyperbolic
' o  J .
but can be approximated by a linear one, over a restricted range.
the loop is dependent on
It can be easily shown that, for —  «  1 , the 
J (0
0
Are Arfractional error —  - —
Ar. r
3.3.10 Output Format for Data
The most convenient or useful way of presenting data will 
depend to a large extent on the particular use to which the 
equipment is being put.
For the instantaneous display of target movement, the 
simplest course is to use the VCO control voltage which is 
proportional to frequency. Analogue presentation of target 
movement in real time is thus available.
3.45
When recording information for subsequent analysis, 
and also when the maximum available accuracy is required, direct 
conversion of the VCO frequency may be required. This can be
easily achieved by mixing the VCO frequency' with the signal 
from a stable fixed oscillator, with a frequency offset so that 
zero difference frequency corresponds to above maximum dynamic 
range (this is to avoid ambiguity).
For a range of 100 metres and VCO frequency 100 MHz, 
the minimum displacement of 1 mm corresponds to a frequency shift 
of 1 kHz. At the extreme end of the loop's dynamic range this 
would still represent two zero-crossing measurements per millisecond. 
Therefore, several hundred samples of frequency can be taken each 
second, allowing bandwidths of the order of 100 Hz to be handled 
by a frequency detector. In practice, a commercial frequency meter, 
or a specially constructed pulse-counting detector perhaps, could be 
used here. In the latter case the automatic scaling mentioned in 
§ 1.3.2.1 can be incorporated. Either digital or analogue outputs 
could be available, although for storage purposes, a digital 
format would be best.
3.3.11 Overall System Design .
Other aspects of the FLL system are discussed in the 
succeeding sections, where they can relate also to similar types 
of system, and, in any case, cannot be considered in isolation 
from components of the broader system, such as the optical design.
3.4_______OPTICAL SYSTEM DESIGN
3.4.1 . System Interrelations
A modulated light beam is directed onto the target
surface. This reflects or scatters light back to a receiver
aperture and onto a photodetector. The area of photodetector 
and target range will have a bearing on the receiving optics 
design. The target area imaged by the receiver should be just 
large enough to enclose the focussed incident beam.
In the general case, the target material is assumed to 
be of a non-specular nature, which backscatters light over a
large solid angle. The system therefore can be considered in 
two sections, from laser to target, and from target to receiving 
optics.
3.4.2______ Choice of Light Source and Method of Modulation
The possible sources of light which could be used are 
broadly divided into the categories of filament lamps, flash 
discharge lamps, continuous gas lasers, and solid state lasers 
of several types. Filament lamps give outputs spreading over a 
wide range of wavelengths, which means a large amount of background 
radiation may be received with the signal. This limitation is 
not shared by rare gas discharge tubes whose output spectral 
widths are relatively narrow. However, here the output power 
can only be high enough, with conveniently sized lamps, if low 
repetition rate pulsing is employed. This can make the tracking 
of target oscillations somewhat difficult. Continuous wave gas 
lasers have advantages over these types of lamp. For example, 
the Helium-Neon laser emits coherent, monochromatic light with 
small divergence. This is ideal for high frequency modulation 
using electro-optic crystals, for producing collimated beams, 
and for narrow band filtering at the receiver.
It is only recently that laser diodes have been 
developed that operate at ambient temperatures , and so can 
be incorporated in simple systems. The advantages of laser 
diodes and light emitting diodes (l.e.d.'s) are due to their 
small size, and weight, and that it is possible to modulate their 
outputs directly at high repetition rates. The lifetime of a 
laser diode is fairly shcrt, although its pulsed power output 
is higher than an l.e.d.’s.
Both devices have an output in the IR which is less 
suitable than a visible light output. A measuring instrument 
with a vis5.ble light beam would be easier to align in some 
circumstances, and such a beam could also be used for. additional 
purposes, such as alignment.
Taking the above points into consideration, the choice 
made was to use a He-Ne gas laser operating at 0.63 ym wavelength, 
with an external intensity modulator.
3.4.3 Divergence of Collimated Beam
Since a laser source, operating in the TEM ■ mode, 
is used, a Gaussian beam profile can be assumed. For a Gaussian 
beam propagating along the z axis
/ \ *7 2
= to /  1  + 2
0 7T0). 0
where 0) = beam radius at distance z from the beam waist. At the 
waist, the wave has a plane wave front, and beam radius 0)Q .
tt w 2 ,
O Az
For z »  — =;  0) ---  asymptotically
X 7TC0
0
Hence, divergence half angle 0 -»■— -—  ..........
o
3.4.4______ The Effect of Target Attitude
The side view is sketched in Fig. 3.13. Intensity 
modulated light is directed at the target area coaxially with the 
receiver centre line.
Assume that the phase of the modulation on the light 
beam is constant across the target along direction y. Also, 
assume that target oscillations are not large enough to affect the 
angle.
Phase shift of modulation signal at receiver 
4tt x
=    ....
3.4-6
3.47
3.48
where total target distance x^ = x + y tan 0 3.49
Phase difference across part of the beam:-
, 4tt y tan
$  =  ^ ----
y Am
The received light intensity is given as function of time and y
I (y,t) = I cos(<|) + wt)
Summing the phasor components vectorially ,at t = 0, 
4tt
, (y tan 0 )
Am
I(y) = I cos
Integrating over y from - d t o  + d^ 9 in the plane z = z^
sin £(2tt tan 0 ) (d/^)j
I (z. ) = I --- ,--------  --
s i  (2tt tan 0 ) (dy )
For a circular cross section beam, I(z) should be 
integrated over z from -B j to +Dj where
but, as an approximation, a square cross section beam has been 
assumed.
The total summed intensity I depends, therefore, on 
target spot diameter d. The signal phase at the detector will 
have an average value independent of 0 and d, assuming a symmetrical 
spot at target.
For a 50% reduction in intensity due to this effect,
2ud tan 0 _ _
- - 1.9
A.■m
Fig. 3.14 shows d plotted versus 0 for several 
values of A . It shows that a limit is set on beam diameterTO
at the target, and this imposes requirements on the transmitter 
optics.
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FIGURE 3.13
Sideview of Receiver Inclined towards Target Area
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FIGURE 3.1H
The Effect of Target Normal Angle or Received Signal
Curves for 50% reduction in Signal
3. 4. 5____ Target Spot Diameter
■ The following maximum elevation and range will be
fixed.
Max. elevation 45°
Max. slant range 220 m . , giving max. height of 150m.
Hence, from Equation 3.54 for X^= 1 m., (f = 300 MHz),
d = 0 .3 mmax
Using Equation 3.47, 03^  ^ 2.9 x 10"^m.....................  3
Therefore the Gaussian beam must appear to have a beam 
waist radius of 0.29 mm. when viewed from the target.
3.4.6_____Propagation of Laser Beam through E-0 Modulator Crystal
The modulator crystal is 50 mm long, and 1 mm square 
cross-section.
By focussing the light at the middle of the crystal, the 
largest diameter beam can be passed through. This beam diameter (d) 
is given by the confocal parameter
X Zd ~ S / T  a) and 03 2 =
o o 2n
where a)Q is beam waist radius.
Hence d - 0.13 X mm, in this case, giving a Safety Factor(S)
of 4.
3.4.7 Matching Using Gaussian Optics
(47)The method described by T. S. Chu has been used to 
design the optical system. Chu applies transmission line techniques 
using a Smith chart for solving Gaussian beam problems. In the
present application it has been found ver}^ convenient and provides 
quick and easily-visualised solutions.
He demonstrates the equivalence of microwave and optical 
parameters when defined as follows
Applying Chu’s method to this problem, the beam waist 
in the laser cavity is first found, knowing the laser divergence.
The Smith Chart, (Fig. 3.15) shows the Gaussian 
parameters as the beam passes from the laser through lenses and 
modulator crystal, as shown in F5-g. 3.17.
Using Equations 3.57 and 3.58, the beam radius to as a 
function of distance z , and the lens action are converted into 
normalised admittance co-ordinates.
The effect of refractive index of the.crystal is to 
reduce the susceptance equivalent to crystal length in the ratio 
of the air and crystal indices.
the component positions is not necessary, beyond arranging for the 
beam radius inside the crystal to be larger than a minimum 
value (to minimize the possibility of optical damage). This is 
set at ^ 0.2 mm.
R + jX
1 3.57
G - jB = — —  - j z 3. 58
where to(z) is beam radius of intensity 2
J e
to is beam radius at focus (beam waist)
0
r(z) is wavefront radius at distance z from focus.
X ' is optical wavelength
3.4.8 Laser-Modulator SectionJ
In this section of the optical system, optimization of
RESISTANCE C O tf.-C N gN T^J,
FIGURE 3.15
Gaussian Beam Propagation from Laser to Modulator
FIGURE 3.16
Gaussian Beam Propagation from Modulator to Target
Modulator
to to. to, w, to, to, to,
FIGURE 3.17 
Side-View Diagram: Laser-Modulatpr Section
Modulator
to.
FIGURE 3.18 
Side-View Diagram: Modulator-Target Section
The design is summarised as:-
76
250
50
160 0.1
(Dimensions in mm)100
3.4.9  Modulator - Target Section
Beam waist radius in crystal is 0.18 mm, but this must 
be transformed to greater than or equal of 0.29 mm (see § 3.4.5).
The Smith Chart Fig. 3.16 illustrates the benefit of this graphical 
technique applied to the layout shown in Fig. 3.18. By defining 
areas on the chart which may be used, the parameters can be adjusted 
to find a suitable solution.
The areas outside the shaded lines can be used, and the 
lens focal lengths and positions can be adjusted to suit particular ; 
conditions. For example z^ can be made smaller by decreasing f^ and 
f. . The length of Vrr must be sufficient to make (jB) greater than
or equal to zero, so that the final focal region occurs somewhere 
between lens 4 and the target.
Possible arrangements (Dimensions in mm).
Z6
CO
<4 h
V f4 Divergence 
(Half angle mrad)
( a ) 188 - _ 326 0.7
(b ) 48 -302 80 229 0.7
(o ) 48 -302 168 296 0.5
3.4.10 Target-Receiver Section
An advantage of the modulated-laser range measuring 
system, as discussed in this Chapter is that the aperture of the 
receiver optics is not limited by the constraints that apply to 
coherent optical systems (see §3.5.1 and Appendix 1). This is 
particularly useful if a scattering target is used, when a large 
diameter receiver can be used to collect maximum signal.
In order to exploit this advantage in a portable 
instrument, inherently light-weight receiving optics are required.
Thus the use of a large diameter glass spherical lens is ruled out.
The alternatives are to use a reflecting telescope, or possibly a 
Fresnel lens.
Most reflecting systems waste a substantial fraction 
of their total receiving area due to auxiliary mirrors which must be 
mounted coaxially and in front of the primary mirror. On the other 
hand, the reflecting systems generally have less optical loss than 
refractive ones.
However, the considerable advantages possessed by 
variants of the Fresnel lens prompted an investigation of their 
properties (see Appendix 2). The .important findings are (a) the 
saving in weight by the use of a Fresnel lens, compared with a glass 
spherical lens or reflecting system, can be a factor of 3 0 - 4 0  
for a large aperture; (b) the reduction in effectiveness in the 
modulated, beam systems under discussion due to phase difference
effects is not a serious disadvantage. A Fresnel lens was used in
much of the experimental work-
3.5_EFFECT OF TARGET SURFACE
3.5.1 Introduction
An -objective is to use natural surfaces where possible. 
Those most likely to be encountered are concrete and brick for buildings 
and stacks, and painted metal for bridges and masts.
The former are more likely to scatter sufficient light 
back to the receiver. The latter are likely to be skeletal structures 
presenting very small surface areas to return the incident light. A 
co-operative target might have to be mounted in these cases.
The light received from an inhomogenous dielectric
like concrete is likely to be partially depolarized^^, and to have
the granular structure characteristic of coherent light backscattered
from optically rough surfaces. This has a bearing on the choice of
coherent or non-coherent detection. For a coherent system, up to
3 dB of signal will be lost due to depolarization, and the receiving
(39)aperture must not be larger than the transmitting one . The 
collected power is thus likely to be less than that possible for 
non-coherent detection, because large transmitting and receiving 
apertures make alignment of coherent systems difficult.
For the non-coherent case under discussion, a large 
aperture can be used. In this case, it should subtend an angle much 
larger than the speckle angle, in order to average out many speckles.
3.5. 2__________ Signal Received from Concrete Target
Considering the case of concrete as a typical target, 
data has been provided by E. Dagless, shown in Fig. 3.19. The 
backscatter luminance remains within ± 20% for angles upto ± 70- 
from the surface normal. For the data provided, the receiver angle 
of view was 12.5 mrad.
Therefore for range r and receiver diameter Dn ,
K
Fraction of transmitted power received (p) - 0.15
3.5. 3__________ Signal Received from Scotchllte Target
R
3.59
Approximately 50% of an incident collimated beam is 
reflected back in a linear angle of 4°
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Hence,.a receiver diameter D at range r receives a
R
power5
Experimental results obtained by E. Dagless give the 
above ratio as,
This identity is used in calculations.
3.6  CALCULATIONS OF RECEIVER SIGNAL AND NOISE COMPONENTS
3.6.1__________ The Optical Channel
For a Lambertian scattering target, assume uniform 
power density J backscattered into a receiver subtending 23 rads linear angle.
The target area is large enough to contain the incident 
laser spot, and subtends 2a rad at receiver (Fig. 3.20).
Power collected from the target whose normal is assumed 
to be at angle 0 to incident beam is J x target area x p x 4 0 2
, ■ - 71(12where target area = —
R - -2-
^ " 2r
p = backscatter coefficient for 
full angle of 1 rad.
Total power is composed, of signal power, average laser 
power, and background light power.
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Modulation depth, m = /*"2 ~ 3.6:
where, av 3.62
and = peak laser signal, power.
P v = average laser power output,
P = total laser power.
Signal received by photodetector,
s
S ~ 2
pk’k ” D2 cos
3.63
Average laser power received by photodetector,
av
pk'kM D2 cos
3.64
k 1 - optical loss factor in transmitter optics 
k n = optical loss factor in receiver optics
Daylight power received by photodetector,
J7r(ar): (pk" D cos 3.65
In terms of the system it is helpful to relate the 
optical signal-noise ratio to electronic equivalents, and to include 
the noise contribution of the photodetector giving a total signal-noise 
ratio at the electronic input. The effect of the electronic preamplifiers 
is taken care of by assigning a noise figure F.
The optical powers are related to electronic powers by 
the radiant sensitivity £(A/w) for the particular cathode used. 
Equations for various phoi:odetectors are now given.
3.6.2 Types of Photodetector
3.6 .2.1  Photomultiplier
Gain G
Signal current squared at anode,
'pk’k ” p 2 cos 6 P '
3.66
In electronic post detector bandwidth B, noise currents
are due to:-
(a) Laser average power, i 2 = 2eBG“
nl
pk’k ” £D cos 6 P
av  ...... 3.67
(b) Daylight power, i 2 = 2eBG2
pkM gD2 cos 6 JtCar) 3.68
(c) Dark current, i 2 _
n,
2eBI ,G d
3.69
(d) Johnson noise in load resistance R ', i 2 =
n4 RL
3.70
where k is Boltzmann’s constant
signal-noise ratio,
2n 2pk’k ” £D cos 0 m P
8eBr“ p + M « £ L  +
av k'
2eG2pk’k ” £D2 cos
2eGI , +
4kT
d Rt
3.71
N.B. In photomultipliers there is normally a small excess shot noise 
factor, but this can normally be neglected.
3.6.2.2 Junction Photodiode
Gain = 1
R
s
i
s
(a) With Series Resistance
-o~
i T*~2* p  Cps
(b) With Equivalent Parallel Resistance
FIGURE 3.21 
Equivalent Circuits of Photodiode
Referring to Figure 3.21 (a) and (b), / i n 2 is noise due 
to optical power plus dark current.
Series resistance R can be represented by an equivalent 
resistance Rp in parallel with R .
Hence replace —  in equation 3.71 by,
L
w2R C 2
s s
V i + (diR C )2s s
3.6.2.3 Avalanche Photodiode
Shot noise due to total direct current at cathode is 
increased at the anode by M ^ +^ ,  where M is an avalanche multiplication 
factor, and p is an excess noise factor contribution^'^.
i - = 2eJL, ” "    3.72
n dc
Thermal noise i 2 = —  ~R .........................   3.73
n4 R 1
taking noise from both resistances into account.
Electronic noise
Hence NEP =
Cathode responsivity £
|2eIdcMP+2B + HkTB/R^j *
NEP = v — --- =-----------^    3.74
By differentiating this expression, the optimum 
fa
give minimum NEP.
multiplication ctor can be found in terms of I^c and Rj^s to
M . opt
4kT
e l A RtXP dc L r
(p+2)   3.75
Assuming a worst case value p = 0.5 
0.4
M . 
opt
0.207
1 a R r ! dc L
3.76
N.B. I, in the above Equation includes that Dart of 
dc
the dark current which is dependent on M, but not that part due to 
surface leakage which is independent.
Strictly speaking, the noise figure of the pre-amplifier or 
mixer must be included in the above optimisation of avalanche gain, by a 
suitable modification of the thermal noise resistance R ’. However, it
Li
can be shown that the increase in NEP due to the otherwise inexact gain 
optimisation, with an amplifier or mixer noise figure of 5 dB, is only 
about 1 dB, and so can be neglected.
For the avalanche photodiode, the signal-noise ratio is 
found by replacing G in Equation 3.71 by M for the signal, and for
the shot noise.
3.6.3  Tangential Sensitivity
Tangential sensitivity is a useful criterion for comparing 
detectors. It is usually defined as the peak signal voltage which is
2.5 times the rms noise voltage. For a sinusoid, the tangential sensitivity 
can be defined as the level when peak-to-peak signal is 2.5 times rms noise. 
This gives a signal noise ratio of -ldB.
For phase detection, define a tangential sensitivity Ax^ in
terms of phase noise,
(♦«)TANC 0.78 ^
3.77
Ax
TS 2 1211J
0.78(f)
(S/N)
ph
(44)
It can be shown that phase variance in the second 
order loop is related to electronic power S/ as follows:-
3.78
N
where
(S/n):
power
is signal-noise ratio at the input
power
ii.e. in twice loop bandwidth. Hence the ratio of signal phase to
phase noise,
S/N)ph ’
can be written as:-
3.79
N ph 2<f>« power
3.80
Substituting 3.80 in 3.78 gives:-
Tangential sensitivity Ax,
TS
0.39
1i
J power
2 ±  
4ir
3.81
3 . 7 ________ THEORETICAL ANALYSIS OF RECEIVER SIGNAL-NOISE RATIO '
3.7.1 _________Procedure
Using the Equations developed in §3.6, the expected 
receiver signal-noise ratio has been computed for a range of values of 
the important parameters of the system. Co-operative (Scotchlite) and
concrete target surfaces are used, and the receiving aperture is 
varied between 10 and 75 cm diameter for target ranges from 25 to 
200 m. A comparison is made between.photomultiplier tube (PMT), 
photodiode, and avalanche photodiode detectors.
The important parameters of some representative 
photodetectors are given in Table 3.1, and were used in the 
computations.
Parameter PMT 
9816 B.
Av. Diode 
S30500
Ptn Diode
Diffused 
Diode 
SGD 100 A
C30801 hp4203
Cathode sensitivity 
at 0.63 pm (A/W) 2..8 x 10"2 10"1 4.3 x 10" 1 3.5 x 10" 1 4 x 10"1
Maximum gain 3 x 107 2 x 102 1 1 1 '
Dark Current (nA)l
Gain dependent 
Surface leakage J
i—* o
i 
i cn 10"1 
50
2 x 102 o
i 
i
20
Diode series 
resistance ( Q )
- 50 3 50 600
Diode parallel 
capacitance (pF)
5 5 5 2 15
Cathode area (mm2) 1.66 x 103 0.2 5 0.2 5
TABLE 3.1
The other relevant system parameters are listed in 
Table 3.2. The optical loss through lenses, electro-optic crystal 
and other components was estimated assuming anti-reflection coatings 
to be applied to all surfaces. The figure for background light power 
density is a worse case figure i.e. the sun at zenith on a clear 
day. The receiver optica] filter was set at 1 8 , which is the smallest 
bandwidth that can be expected from normal interference filters.
The field of view of the receiver, 1 mrad full angle, is fairly 
uncritical from the mechanical point of view, but on the other hand 
if a Fresnel type receiving lens is used, its focussing properties
would not permit a smaller aperture to be used, if larger losses in 
intensity are to be avoided. The laser power and modulation depth 
assumed represent a possible combination in a practical situation. 
Clearly, if a larger modulation depth were to be achieved at the 
frequency used, the optical power could be reduced. The 7 Kft load 
resistance was the value of dynamic resistance measured in a practical 
tuned f.e.t. mixer circuit, and it is thought that a larger (hence 
less noisy) resistance is unlikely in practice at the 100 MHz 
frequency used. The noise figure of 5 dB represents a realistic 
estimate of the preamplifier-mixer noise contribution.
The ratios of backsc.attered and reflected light to 
incident light for concrete and Scotchlite targets respectively, were 
those given in § 3.5, both of which compare well with measurements.
The figure used for background light (i.e. off-axis) return from 
the Scotchlite was the same as for the concrete. This was shown to 
be the case by practical measurements.
The photomultiplier gain was limited to keep the cathode 
and anode currents within specification, and with an upper limit of 
the quoted maximum gain. The avalanche photodiode gain was limited to 
below 200.
Symbol Parameter Value
k f Optical loss factor: transmitter - target 0.5
k" Optical loss factor: target - receiver 0.96
e
J
Angle of inclination of target (rad)
(49) 0 2 Daylight background in 1 A bandwidth ( V I / m )
0
0.12
a Receiver field-of-view, half angle (mrad) 0.5
B Electronic Bandwidth (Hz) 100
P Unmodulated laser power (mW) 15
m Laser beam intensity modulation depth (%) 20
rl
Photodetector load resistance (kft) 7
F Noise figure of electronic amplifiers (dB) 5
f = J5L
271
Modulation frequency (MHz) 100
TABLE 3.2 SYSTEM PARAMETERS
The data was rransferred to punch cards, and the necessary 
calculations performed in an ICL 1905E Computer. A set of curves of signal 
and noise powers in the 7 kfi load resistance, plotted against receiver 
diameter and range is included in Appendix 3 (Figures A3 to 7), together 
with a short interpretation.
The signal and noise power curves show how the signal 
and important sources of noise change with receiver diameter, and 
from the curves the particular limitations on the sensitivity of a 
device can be recognised. An explanation is included in Appendix 3.
Curves of tangential sensitivity can be used to determine
the best device to use in certain conditions. These curves are
included in the next section with an interpretation of their shapes.
3.7.2 Tangential Sensitivity Graphs
In Figure 3.22 the tangential sensitivity, defined in 
§3.6.3, is plotted against receiver aperture for range 100 m. To 
examine the interacting effects of changing range and aperture, the 
sensitivities for two apertures are plotted versus range in Figures 3.23 
and 3.24.
In each case, with a concrete target the devices with 
internal gain emerge as the best. This is because the signal and 
shot noise levels can be raised above the thermal noise level, which 
predominates in the cases of the other photodiodes.
In Figure 3.22, it can be seen that for the Scotchlite
target, the gain and non-gain devices vary at different rates as the
aperture is increased. The tangential sensitivities of the PMT
and avalanche photodiode are smallest for small apertures where gain is
required to reduce the effect of the thermal noise. But, for larger
apertures, the guard ring and ptn diodes have superior performance
because their cathode sensitivities (in A/ ) are better than the PMT's
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FIGURE 3.22
Tangential Sensitivity V Receiver Diameter, range 100 m
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Tangential Sensitivity V Range, receiver diameter 15 cm
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Tangential Sensitivity V Range, receiver diameter 40 cm
and their dark currents are much lower than that of the avalanche 
photodiode. _ ,
Much of the same explanation can be given relating to 
the results in Figures 3.23 and 3.24. Here, the benefit of using the 
gain devices for small apertures, and larger ranges is seen. Further­
more, their sensitivity (minimum detectable signal) deteriorates more 
slowly with increasing range than the non-gain diodes, with the 
Scotchlite target. The increased performance should continue for 
considerably larger ranges, until after the maximum gain is reached.
For the concrete target, the maximum avalanche diode gain has been 
reached already at 150 m range, and the maximum gain of the PMT is 
only just greater than that used for the 200 m range.
3.7.3___________Discussion
The above results can be summarised as follows:-
For non co-operative targets, similar to concrete, 
the PMT and avalanche photodiode are clearly better. The avalanche 
diode, though having slightly worse performance than the PMT, has 
certain operational advantages. It is a smaller device physically, 
is more rugged, and can be operated from a relatively low voltage.
Against this, it is quite temperature dependent, and requires circuitry 
to stabilize the multiplication factor against temperature changes.
The small area of the cathode is probably not a disadvantage assuming 
some focussing adjustment is possible for large changes in target 
range. A possible further advantage may be gained by using the 
avalanche diode for electronic mixing as well as photodetection (see 
Discussion, Chapter 1.).
For Scotchlite and similar surfaces at the target, 
it has been shown that the non-gain photodiodes perform best for 
short ranges and large apertures. The PMT and avalanche diode are 
not significantly worse even under these conditions, and as with the 
concrete target system, they give superior performance for the more 
likely conditions of small aperture and larger range.
The devices which come out best under nearly all conditions 
are the PMT and the avalanche diode. Of these two, the PMT has to have
a variable power supply giving up to a few kilovolts. It is also 
relatively bulky. Considered overall, the avalanche photodiode could 
be the preferable device to use in practice.
As to the sensitivity achievable by the PMT and 
avalanche diode, in both cases the main source of noise at 100 m 
range is due to the laser light itself. The next in importance for 
the PMT is the background shot noise, for the avalanche diode thermal 
noise. As noted earlier, the background power assumed is a worst 
case, and in practice could be lower in power by several orders. But 
to gain a worthwhile improvement in sensitivity, increasing the 
depth of intensity modulation of the laser would be the course to 
follow. In addition, the sensitivity is inversely proportional to 
the square root of the loop bandwidth, which was set quite wide 
(100 Hz) for the calculations.
3.8 . THE FACTORS DETERMINING THE VELOCITY OF LIGHT IN AIR
The velocity of light in air is dependent.cn the 
refractive index of the air, so in turn, on air temperature, pressure, 
humidity, and the effects of air turbulence.
Short term effects of air turbulence give rise to a 
statistical variation in measured light path, and can be classed as 
a form of measurement noise. Under still conditions, an average 
path length can be measured which will depend on average conditions.
The main-refractive index is given theoretically in 
an expression including temperature and the partial pressures of dry^ 
CO^-free air, C0^ and water vapour. It has been given by Edlen^^- 
who compares previous work and puts forward more dependable formulae.
A fairly exhaustive review of atmospheric effects on
optical communication has been published by Brookner^^. He gives
a figure for wavefront tilt, which can be related to beam wander, of
24 yrad per km. In Lawrence and Strohnbehn’s survey of clear air
(52)
propagation of optical beams the beam wander (C) is given in terms 
of the vertical temperature gradient, C - (32.6 + 0.S3 dT/dh) yrad/km. 
This gives C ~ 27 yrad/km, typically.
Thus, at a range of 200 m, the beam wander due to this 
cause only is ~ 5 yrad, or a displacement of ~ 1 mm. The action of 
air turbulence is to superimpose on this fairly constant wander a 
random displacement, as well as intensity variations within the beam 
itself. The scale of the turbulence and hence the wander depends on 
several factors. Winds and thermal currents create turbulence in
(53)
the atmosphere, and as a result eddy currents are formed (see Hodara )
The stability of an eddy depends on the energy it possesses, and, 
above a critical level, it will break up into smaller eddies. This 
process continues until the incoming energy is being dissipated fast 
enough. A range of sizes or scale of eddies is then in existence, 
which can extend from an outer scale of the order of metres to an inner 
scale approaching millimetres.
Each eddy can be looked upon as a turbulent blob with
its own particular velocity, temperature, refractive index, size etc.
The refractive index primarily will affect the propagation of
optical beams, and it depends directly on the temperature of the
eddy. When a temperature gradient exists in the atmosphere, mixing of
colder and warmer air will occur, resulting in turbulent blobs of:..
differing refractive index along a horizontal path. The effects of
pressure and water vapour on refractive index fluctuations from blob to
(51)blob are found to be negligible
Clearly, in the most turbulent conditions, the widest
range of eddy sizes with exist, and the smaller the eddies, the more
an optical beam may be disturbed. The standard deviation of laser
spot 'dancing* or transverse movements due to atmospheric effects has
(54)been measured by Chiba and Sugiura over a residential area in 
Tokyo, in several seasons of the year. For a 200 m path, they record 
figures ranging from 4 mm during "strong turbulence" to approximately
0.1 mm for "weak turbulence." The intensity variations or scintillation 
is principally caused by the smallest scale of turbulence present.
Perhaps the most important effect of the atmosphere 
in some conditions is the variation in measured light path due to the 
mechanisms mentioned above. However, a typical figure for the standard 
deviation of propagation time over a 1 km horizontal path in air is
given as 0.18 ps “ . This assumes a receiving aperture of 6 m
diameter. This time spread is equivalent to a range deviation of
0.03 inm, which is comfortably smaller than the sensitivities required.
3 . 9 ________ LIMITING PRECISION OF THE MODULATED OPTICAL SYSTEM
To summarise what has been said in this chapter regarding 
inaccuracies introduced, there are several effects which can contribute 
to measurement errors in the Modulated Optical System, and the relative 
importance of these will depend to some extent on the particular 
conditions.
One such effect is caused by electronic noise in the 
system. This is produced thermally, and by quantum effects in the 
optical channel. As discussed in §3.6, the ratio of signal to noise, 
and the predominant noise sources, depend on such factors as range, 
receiver aperture, and electronic bandwidth. For the best photodetectors, 
the predominant noise source for typical conditions is that due to 
the average laser power. It follows, therefore, that the signal- 
noise ratio can be improved proportionately to increase in laser 
power.
In the assumed conditions of operation, the above 
effect is predominant. . The atmospheric'fluctuations discussed in 
§3.8 are,by and large, unimportant in a modulated optical system.
Because optical coherence is not a requirement, beam wobble and 
wavefront tilt are not a problem. It was also shown in §3.8 that 
the deviation in measured path length due to refractive index variations 
remains well below the maximum sensitivity specified here.
A further point, not covered previously in this
chapter, is the error due to the optical carrier be.ing backscettered
(55)
from aerosols in the propagation path , and arriving at the receiver 
with a signal phase different to that from the target. However, this 
too can be shown to be insignificant in its effects upon measurement 
precision for the specified conditions.
C H A P T E R  4
ELECTRO-OPTIC LIGHT MODULATOR
4. 1_________INTRODUCTION
Originally, intensity modulation of the laser source 
was attempted using an Isomet EOLM 400 Pockels Effect modulator. 
However, it was difficult to make this perform well at frequencies 
as high as the chosen modulation.frequency of 100 MHz, for two 
reasons. Firstly, the half-wave voltage was 1.8 kV, and a high-Q 
resonator had to be used to obtain a useful depth of modulati-on. 
Considerable radiation resulted, despite careful screening. 
Secondly, it was apparent that the electro-optic crystals them­
selves were absorbing power, and their performance falling off 
seriously with time due to an increase in temperature. It 
became clear that a lower voltage modulator with small temperature 
dependence would be desirable, and consequently the possibility 
of designing one was examined.
The modulation of light by electrical means has been 
intensively researched in the last ten years or more. Many 
different types of modulator have been developed, but fo^ a 
specific application, the choice is usually limited to a rather 
smaller number. For example, those modulators using optically 
active crystals generally transmit radiation in a limited band 
of wavelengths. Electrical bandwidth requirements may dictate 
size and mounting of the modulator. The voltage needed to drive 
the modulator is important, especially at high frequencies. In 
some applications more sensitive, if more expensive modulation 
methods are required than in others. Other facts will have to 
•be considered when a selection is made, such as uhe ease with 
which the optical beam may be passed through the modulator, 
temperature stability, required depth of modulation, and power 
handling capacity.
4.2 _______TYPES OF MODULATOR
4.2.1______Main Physical Phenomena
The rour main physical phenomena which give rise to
optical activity are the Faraday, Kerr and Pockels effects, and 
the Stark effect. The Faraday effect is shown by a rotation of 
the plane of polarization of a beam passed through the material, 
to a degree proportional to the active length and to the 'long­
itudinal magnetic field. The Kerr, and Pockels effects both 
give phase retardation of a plane-polarized beam. This is 
proportional to the active length and the applied electric field. 
The Stark effect can be used to modulate the intensity of a 
narrow laser line emission. Essentially the absorption band of a 
low pressure gas is shifted the order of Angstroms by an external 
electric field.
*4.2.2______ Faraday Effect
The Faraday magneto-optic effect has been used for
(56 57)
modulation of infra-red (IR) radiation 5 using Yttrium
Iron Garnet (YIG), and in the far using ferrite material.
The modulation frequency can be critical here, because a solenoid
must be driven to provide the varying magnetic field. However,
(57)
a YIG modulator has been reported which performs up to 100 MHz
*4.2.3 Stark Effect
The Stark effect in a gas has been exploited to make 
use of the freedom from piezo-electric resonance, thermal strain, 
and thermal birefringence associated with crystalline materials. 
Intra-cavity modulation of a carbon dioxide (CO.) laser has been
(59) • 1
achieved with a Methyl Chloride gas cell
*4.2.*4 Kerr Effect
The Kerr Cell traditionally uses nitrobenzene which is
transparent in the visible and IR regions, A microwave modulator
has used the Kerr effect in a travelling-wave structure A
modulator employing monoflucro-benzene has been used in the ultro- 
( 61)
violet region . Potassium Niobate Tantalate (KTN) exhibits a 
strong Kerr effect just above its Curie temperature, and operation
can be arranged at a temperature near, ambient. This material is
/ 02 63)
transparent to visible and IR radiation 5 . Recently,
the Kerr effect has been observed in glass waveguide the
electric field being in the form of e-m radiation from a Xe laser.
M-. 2. 5 _____ Pockels Effect
The Pockels effect is exhibited by a large range of
crystalline materials. These can be grouped into three categories
 ^0 0  \
according to their physical and crystallographical properties :
(a) Potassium Dihydrogen Phosphate (KDP), Ammonium Dihydrogen 
Phosphate (ADP) and their isomorphs; (b) Perovskite-like materials 
A-BOg type; (c) A-B type semiconductors with cubic or hexagonal 
structure.
(a) Crystals in the first category are perhaps still
the most widely known and used for electro-optic, modulation. They
are transparent in the visible and near IR regions. In recent 
( 0 5 7*1 )
investigations a detailed study of crystal cuts and
orientations has led to a considerable reduction in half-wave voltage 
(this is the voltage needed to retard the phase of a polarized beam 
•passing through the crystal by TTradians or one half-wavelength).
(b) The Perovskite family has gained popularity in
more recent years. The Perovskites are transparent over a range
of wavelengths similar to that of the KDP isomorphs. They exist
in two forms, cubic above, and tetragonal or rhombohedral below
the Curie temperature for the crystal. The cubic form gives the
quadratic (Kerr) electro-optic effect, KTN being an example. The
other forms are ferroelectric, and are important for materials
having a Curie temperature well above ambient. Lithium Niobate
(Li NbO„) and Lithium Tantalate (Li TaO ) are important examples of
( 7 2 — 78)
the rhombohedral form and have been used extensively .
Their large Curie temperatures (1200°C and 620°C respectively) 
mean that large mechanical energy would be required to depole a 
crystal at room temperature, whilst for KDP, the Curie temperature
/
is 123 C. Hence, they are tolerant of cutting and polishing, and 
are generally more rugged than the KDP-type- crystals,
(c) AB semiconductors are of the Zinc blende type, and
include Zinc Sulphide, Cuprous Chloride and Gallium Arsenide and
Phosphide. Zinc Sulphide has been used in an experimental X-band 
(79)
modulator and is reported to have the advantage of having similar
optical and microwave permittivities ( s e e  § 4.6). Cuprous
Chloride is transparent over the very wide range of wavelengths
of 0.4 - 20 pm, and has been used as a 10.6 pm laser modulator .
Gallium Arsenide and Phosphide have been used in high frequency 
(81 82)
light modulators 5 . They are normally available only in
very thin platelets, and this makes optical adjustment difficult.
4.2.6_______ Other Methods of Modulation
Of the other methods, diffraction modulation is used
widely. A type of diffraction grating is set up in an optically
active material by acoustic waves. The frequency of the waves
decides the grating spacing, and so the diffraction angle in
a given material. Optical-frequency modulation has been achieved
(83)
with ultrasonic waves in a quartz medium . Intensity
modulation has been achieved with K T N ^ ^ \  Lithium Niobate^^ 5 86)^
(87) (89)
and Germanium . A nanosecond response has been measured
with 0.15 mm thick Lithium Niobate and interdigital electrodes;
the very thin nature of this modulator is, perhaps, a drawback although
its length (10. mm) is also small. Methods using the piezo-optic
(88)
effect have been reported , using almost any transparent material 
having reasonable mechanical characteristics.
4.__________ 3______ CHOICE OF MODULATOR CRYSTAL
4.3.1_______Specification
The previous sections on types of electro-optic material 
briefly describe the possibilities. A more detailed study is 
required before a choice can be made for a particular modulator.
Here, the application gives.rise to the following requirements:
1. Must modulate a 0.63 ym laser beam.
2. Must operate at 100 MHz or greater.
3. Should have as low as possible a halfwave voltage (V , . )
2
4. Must have negligible temperature dependence under 
laboratory conditions.
5. Should be easy to align optically.
• 6 . Should be able to produce 30% modulation depth
or better.
7. Should give linear phase modulation and hence low 
distortion.
4.3.2 Comparison of KDP Isomorphs and the Perovskites
To meet the first requirement in § 4.3.1Pthe choice 
becomes limited to the KDP isomorphs , the Perovskites, and the 
AB type semiconductors. Of these, the -last will be discounted
(qi)
because of their generally very small size - for example, Reinhart 
reported a Gallium Phosphide diode modulator which performed well, 
but had a junction width of typically 60 ym.
The latest performance figures for KDP isomorphs and 
Perovskites are shown in Table 4.1, for the most useful configurations.
The dependence of birefringence on temperature is
(74)
slightly greater for the Perovskites than for the KDP isomorphs ,
also their permittivities are generally higher. There has been
a tendency, especially in Lithium Niobate, for focused coherent
light of even low power (> 1 W/cm2) to be scattered due to light-
induced refractive index i n h o m o g e n e i t i e s R e c e n t l y ,  high
grade crystals have become available which are more resistant 
(76 )
to damage , and are capable of handling larger optical powers, 
especially in the crystal orientation being examined. * (Table 4.1 Item 15)
This orientation is essentially free from static 
birefringence, and hence temperature dependence, because the 
refractive indices of the two orthogonal axes used are identical 
(see next section). A similar situation is not apparent for 
Lithium Tantalate.
^Personal Communication: F. R. Charvat, Assistant General Manager,
. Union Carbide.
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4.3.3 Performance Figure
4.3.3.1 Lumped Circuit
(72)
A figure of merit has been proposed which is based 
on the power dissipation in a broadband circuit driving the 
crystal which is assumed to be capacitive.
The power dissipation is proportional to CVc2 , below 
the cut off frequency (C crystal capacitance, Vc voltage across 
crystal). This can be written in terms of the crystal parameters 
and dimensions,
pdiSs « T  e    4-1
12
The figure of merit for the lumped circuit element is
then,.
Fi = e (E-*4   *-2
'2
4 .3.3.2 Travelling Wave
For a travelling wave modulator it is shown in Appendix 4 
that the line impedance Z for a perfect velocity matching is,
z .............................
o ,(er - l)(no )
Neglecting the small losses in the line itself, the power 
required in a correctly terminated line will be,
tra v 2   4.4
Z
o
where »  1 , which is true for most suitable materials 
(see Table 4.1).
Figure of Merit F^
trav
This shows the sharp increase in as nQ approaches
unity, and bearing in mind that F should be small, a fairly high
refractive index in the chosen electro-optic material is obviously
an advantage. A comparison of the lumped circuit figure of merit
F n , and F^ can be seen in Table 4.1. 
trav
There is a clear advantage in the use of Lithium Tantalate
or Niobate from this point of view. For the orientation which
has been used, the lumped circuit figure of merit does not compare 
favourably with the other orientations using the Perovskites, or 
the better KDP type cuts. However, the travelling wave figure of 
merit is considerably better. The main reason for the poor figure 
of merit is the relatively large half-wave voltage, but this must 
be weighed against the advantage of zero temperature dependence, 
which the other crystals do not have.
The ways in which one can compensate for the temperature 
dependence are explained in § 4.4.2. Basically, either the temperature 
of the crystal must be kept extremely steady, or two or more 
crystals,cut from the same boule so as to be nearly identical, 
are arranged to cancel the thermal effects. It is difficult, 
for example, to use travelling wave techniques with the latter 
type of compensation, in which the electric fields are applied in 
perpendicular directions for successive crystals.
Clearly in terms of convenience alone, the temperature- 
independent crystal cut is attractive, except in cases where the 
lowest possible half-wave voltage is required.
n
(no - !>
4.4. THE LINEAR ELECTRO-OPTIC EFFECT
4 . 4 . 1  Theory
The, optical properties of a crystal are frequently dependent 
on the direction of optical polarization in relation to the crystal 
axes. The physical origin of the Pockels effect is in the direct 
modification of the crystal’s electrical polarizability by an 
applied electric field. A direct linear effect is present in 
crystals which lack a centre of symmetry, - this also making them 
piezo-electric.
Additionally, there are indirect effects. The polarizability 
may be changed by displacement of the lattice (elasto-optic effect), 
firstly by mechanical stresses, and, secondly by the converse 
piezo-electric effect, whereby stresses are induced by the electric 
field. For high frequencies, the direct effect only is important, 
except when mechanical resonances are present.
The electronic and ionic polarizations are expressible in 
terms of the applied electric field and the dielectric constant 
or permittivity of the material. Furthermore, in the optical 
region the relative permittivity is equal to the square of the 
refractive index n, for materials with magnetic permiability equal 
to that i n  v a c u o .
The linear electro-optic effect is found for electric 
fields applied both parallel to and transverse to the optical 
direction. The first type of modulation, longitudinal modulation, 
is useful particularly for wide aperture applications, whereas 
the second type is useful for low voltage modulation in the 
applications where thin crystals can be used.
Considering only the linear Pockels effect, which is 
predominant in Lithium Niobate, the refractive index n with electric
/ £* C \
field E is related to the zero-field index nQ in the following way :-
—  ’ = — —  + r E  .......................................  4.7
2 2n no
where r is the electro-optic coefficient.
In order to satisfy Maxwell’s equation for e - m 
propagation in an anisotropic medium, only two mutually perpendicular
the crystal symmetry, and in general are associated with different 
refractive indices. In the case of a uniaxial crystal such as Lithium 
Niobate, the refractive indices describing propagation in three
ellipsoidal. The spherical surface also describes the ’indicatrix’ 
of an isotropic medium, and hence the rays associated with this 
polarization direction are known as ordinary rays. The extraordinary 
rays per contra have refractive indices, dependent on direction of 
propagation, which are described by the ellipsoidal surface.
propagating parallel to the optic (Xg) axis, the zero-electric-field 
indicatrix is a circle. Hence there is no relative phase retardation 
between the mutually perpendicular polarizations into which an 
incoming wave may be resolved.
for a transverse electric field, light parallel to the optic axis.
. . ■ . (7)directions of polarization are allowed . These are related to
dimensions can be represented by two surfaces, one spherical the other
The general equation for the index ellipsoid for Lithium
Niobate is
. (121)
+
From Equation 4.8 it can be seen that, with light
Simplifying Equation 4.8,
^■Vn 2 r 22E 2^Xl + ^ ^ n  
o <o
2 + r22E 2^X22 + 2(_r22El^xlx2
The induced retardation for an electric field in any 
direction in the x^, plane is constant ^ , but it can be most
easily determined by assuming an x^ orientation.
Now, Equation 4.9 reduces to:-
f \ 1 2 \---  •“ r* E
2 22 2 xi  + 2 + r 22 E 2
n n. ° J o y
X * = 1
Equation 4.7 can now be written as
nz (n + An)'
o n
2 + P22E2
where An is the field-induced change in refractive index,
From this, An
no r22E 2
Now, applying this general expression to the particular 
parameters in Equation 4.10 gives
An,
+nl r 22 E 2
An,
“ nl r22 E2
Differential phase retardation for crystal length 
between light polarized in the x. and x9 directions,
'b 'b
2tr An £
Ar = ---;---- ........................ ....
where An = An^ - An£
Substituting 4.13 and 4.14.in 4.15
Af =
2ir E2 X3 r22
The halfwave field distance product d ) is that 
voltage required to produce a retardation of ir rad.
4.10
4.11
4.12
4.13
4.14
4.15
4.16
4.17
and for a crystal of thickness d, the halfwave voltage 
X
VX/2
2n  ^ r 1 22J
Q
"3
4.4 .2_____ Temperature Dependence
One effect of temperature is to change the refractive 
indices by small amounts. This is most noticeable in those cases 
where there is a small natural birefringence, and this-^applies 
to the optimum low-voltage cuts. The change in this birefringence
may result in as much as one half wavelength change in retardation
. p (72) per deg.C.
To compensate for the temperature dependence, three methods
have been used. Firstly, the temperature of the modulator can be
. . (74)precisely stabilized - typically to ± 0.05 deg.C . Secondly,
two or more similar crystals can be mounted ’back-to-back1 to
cancel out temperature-induced birefringence. The crystals must
be in good thermal contact so that they can remain at a common 
(68 76 92)
temperature 5 5 . Thirdly, the change in birefringence
can be sensed and used to apply a d.c. voltage of the correct
(6 6)
polarity to cancel the birefringence . The first and third 
methods also allow optical biasing of the crystal for fundamental 
or second harmonic operation.
Both Lithium Tantalate and Niobate have natural birefringence
with their lowest voltage orientation, but Lithium Niobate has the
peculiar property of being uniaxial along the x^ (or c) axis,
as was stated in § 4.4.1. This means that the refractive index
is the same for both preferred directions of polarization. Given
a sufficiently strain-free, single domain crystal,use of this
orientation should result in temperature independent operation.
The electro-optic coefficient is, however, smaller than for other
orientations, resulting in a half-wave field-distance product of
(65)
7.8 kV, at 0.63 pm , almost three times the optimum value for
Lithium Niobate. This orientation will be considered in what 
follows.
4.5________ INTENSITY MODULATION
4.5.1______ Methods
Pockels effect devices fundamentally modulate the degree
of phase retardation caused by passage through the device. To
get intensity modulation, interference must occur. One method,
(93)
reported by Adrianova uses KDP inside a Fabry-Perot etalon 
which is tuned to the optical wavelength used. The KDP modulator 
modifies the optical path between the etalon plates9and so the 
pass band of the etalon.
.Otherwise, interference must occur between either a 
beam passing through the device and one bypassing it, or two 
orthogonally polarized beams, both of which pass through the crystal. 
The latter is to be preferred in view of its simplicity. In addition, 
for the particular orientation of Lithium Niobate under discussion, 
both orthogonal indices are modulated by an applied field, and 
the effect on differential retardation between the two polarizations 
is additive (see Equations 4.13 & 4.14).
A wave incident on the crystal can be resolved into 
rays polarized in the direction of each crystal axis. The two 
types of wave which are of interest are (a) a circularly 
polarized wave, which can be resolved into two arbitrary 
orthogonal directions, of equal magnitude but differing in phase by 
tt/2 rad. ; (b) a plane wave polarized at tt/^  rad. to both x^ and 
x9 axes, resulting in components of equal magnitude and the same 
phase.
The two rays emerge from the crystal with retardations 
L T  , and A?2 • These can be passed through an analyser to give an 
output
(eo ) ='/7{e(Ari ) + e(Ar2 )} .............. ............. . 4.20
From Equation 4.16 (Af^ - A ^ )  = Af     4.21
Summing phasors:-
For case (a) (eQ )a = ~  /£ + sinAr  ....................
For case (b) (e ), = - =  • V I  - cosAr ............. ..........
o b V 2
Intensity outputs are thus:- 
1 •
(I0 )a = H r - ^  +- sinAr) 4,24 Senarmont bias ^see Fig. 4.1)
I.
(Iq)^ = ~~2 ~ d  “ cosAD ... 4.25 Crossed Polarizers configuration.
generally, for the analyser at 6 rad. from x^ axis 
I.
— {l - 2 cosB sin0 cosAr}  ............  4.26)
4.5.2 Extinction Ratio
This is the ratio of maximum to minimum intensities 
obtained by adjustment of the applied electric field. The minimum 
intensity represents the stray light which passes when the output 
analyser is perpendicular to the plane of polarization of the beam
leaving the crystal. This will be due to scattering from
imperfections in the crystal,stress-induced birefringence, and 
possibly variations in flatness and parallelism of the entry and 
exit faces.
(More
(IAo b
4.22
4.23
The intensity output can be separated into a stray 
light component and the polarized component, as an approximation 
(Fig. 4.1).
Intensity
m
output
Voltage
ft
n
FIGURE 4.1
Pockels Modulator, Intensify V Voltage Characteristic
liic o j l p c a K  JLii Lciiui. \~y ± u jl’ i w ' o  pliant; J U U U U i a L i . u i i  j - o .
i - i .
T _ max m m
2  ..........
and average intensity
I + I . 
t - max m m
av “ 2
Extinction ratio 
R =
min
Degradation of intensity modulation depth by finite
extinction ratio R is av
k - (R ~ x) 
" (R + 1)
4.5.3 Harmonic Distortion for Sinusoidal Intensity Modulation
Due to the non-linear intensity modulation characteristic, 
harmonics of the modulating waveform are produced. For the Senarmont 
(x/4 bias) configuration, output at the fundamental is assumed to be 
of interest, whereas for the Crossed Polarizers configuration 
second harmonic output is required.
Senarmont Configuration 
I.
Iq = {l + sin(.Ar sin art) } ....... ...................
Average I = I . /r.
6 av m /2
Fundamental I ’= I. J n ( A D  sin wt 
o m l
Third  ^ T ^  sin 3wt
Harmonic o m 3
AF . .
Approximating 4.33, for small (-^-), linear intensity modulation is
apparent.
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Harmonic Components produced by Sinusoidal Modulation ?
for Senarmont and Crossed-Polarizers Configurations
-l . m
I » ~    sin cat    .................  4.35
o 2
Crossed Polarizers Configuration
I.
' IQ = — —  {l - cos (AT sin cat)}  . .... 4.36
I.
Average I^v = — ~  {l - Jq (AD} .......................   4.37
Second I M = I. Jn ( A D  cos 2cat ..........   4.33
o m  2
Harmonic
Fourth I ,v = . I. J. (AF) cos 4cat ............ ..................  4.39
„ . o m  4
Harmonic
The harmonic outputs for the two cases are plotted in 
Fig. 4.2 where intensity modulation depth is plotted against phase 
modulation depth. The linear approximation for Senarmont modulation 
is also shown.
4.5.4 Measurement of Modulation Depth
The method used depends on whether intensity or phase 
modulation depth is to be found. The former may be more relevant 
except when the performance of the modulator alone is to be 
assessed.* For intensity modulation depth, the average and signal 
intensities must be measured or inferred. Measurement is quite 
straightforward at low frequencies, but at higher frequencies the 
photodetector response must be allowed for, since the average 
intensity is measured as a direct current.
(94)A method has been suggested by Adrianova which 
allows inference of the direct current from measurements at the 
modulation frequency. The shot noise current at the photocathode 
produced by the average current is passed to a narrow band power 
detector centred on the modulation frequency, and the average 
current then found using the well-known shot noise formula.
This method is quite precise for frequencies below the cut-off 
of the photo-detectcr, but sensitive equir>ment is needed to measure 
the shot noise power accurately, and other methods may be preferable.
If it can be assumed that the sinusoidal characteristic 
of the modulator is true at high frequencies, this can be used to 
find the modulation depth. One technique is to measure the average 
intensity level produced in ’’Crossed Polarizers” modulation. This 
could be arrived at by measuring the direct current produced in 
a photodetector, but a more elegant way is to produce the same 
average intensity by rotation of the analyzer, without measuring 
its absolute value.
For modulation depths of less than about M-0%
I. Ar
I I ~ in 
a v '
ri2
But rotation of the analyser by 0^ rad gives
IQ = I = I. sin2 0,, 0 av m  R
Hence:- _
AF - 2/2 sin 0A .........................................
Hence, the phase retardation is found in terms of 0^, and, 
from this, the intensity modulation depth can be calculated.
Another method can be of use when a spectrum analyser, 
or similar instrument that measures narrow bandwidth signal powers, 
is available. This technique compares the fundamental and second 
harmonic components respectively produced by Sernamont and Crossed 
Polarizers modulation. Rotation of a waveplate by 45 deg. allows
the switch to be made rapidly.
Again, for small modulation depths,
Second iTll i I . AT2
Harmonic - I1 I - _H!----
Fundamental i 1' | - h n ^1
Hence Af
2 I ’
I"
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Of the above two methods of measuring Ar, the first 
is probably simpler. In both cases it is possible to use narrow 
bandwidth detection to limit noise. It may be advantageous to 
measure two modulation frequencies, as in the second method, 
rather than one frequency and a d.c. level, where the photodetector 
response may be considerably different. By replotting Fig. 4.2 with 
the ordinate scale logarithmic, the phase modulation depth could 
be read off direct, 
modulation depths.
I ’
ectly using the ratio -^rfi s f°r iar,ge or small
An interesting method of measuring phase retardation
(95)
directly has been reported . Here, a simple interferometer is 
set up with the electro-optic crystal and a moveable reflector in 
one arm. In practice, this reflector is mounted on a rotating disc, 
and once every revolution it becomes aligned with the rest of the 
optics. Its tangential velocity, found from the wheel’s rotational 
speed, produces a Doppler frequency shift in the light beam. The 
photodetector output is a sinusoidal voltage during the 'sampling 
period’, and is examined on an oscilloscope. When the modulator 
crystal is driven, the phase modulation of the sinusoidal signal 
can be measured on the oscilloscope. This is only of use at low 
frequencies.
4.5.5 Signal-Noise Ratio for the Two Configurations
The signal-noise ratio at the output of a photodetector 
can be stated for conditions when only shot noise caused by signal 
average is considered.
• 2
S s (Signal light intensity)2
Electronic signal-noise ratio —  = ---  = --■■■—/ ------- — — -— J
N . 2 2eB(average light intensity)
n 4.46
For modulation depth less than about 40%:- 
Fcr Senarmont Configuration f s ]  - 1 fi. .Ar]m 2 , i. ar22 m
W s "
2eB 2V. J 1. 4 eB m
4.47
For Crossed Polarizers 
Configuration w
fl. .AF 
1 j m
2eB ( 4
8___ _ Iin Ar
i: ,AFZ 4 eB
m
Signal-noise ratio is the same in each case, and the 
actual signal level is higher with the Senarmont Configuration, 
for a constant peak phase retardation. It is therefore to be 
preferred to Crossed Polarizers modulation, except in cases where 
saturation of the photodetector is likely to occur.
*4.6_________HIGH FREQUENCY MODULATION
For modulation frequencies of hundreds of megahertz and 
above5simple wire connections to the crystals cannot be used. In 
the microwave region, the crystal is often placed in a resonant 
cavity at a position of high electric field strength, and may
conveniently be made part of the dielectric material normally
.(75, 96-100) . . ^ , ,
present . Alternatively, very small crystals have
been used (J x 5 x 10 mm 3) whose electrical length is still a
(72—76 101)
small fraction of a wavelength at gigahertz frequencies s
The stripline has also been employed to drive larger, 
and composite, crystal modulators. This has another benefit in 
that the diminution in modulation depth due to the transit-time 
effect can be reduced or eliminated. The effect produced when the 
optical transit time becomes comparable with the period of. the 
modulating waveform, is that the modulating electric field 
experienced by the light changes as the light progresses through 
the crystal. .
To eliminate this effect, the electric field travelling 
along the stripl5_ne can be arranged to have the same velocity as 
the light beam inside the crystal^ ^ 5 106)^ (3ee Appendix 4).
The technique, to partially load the stripline with the crystal, has 
been investigated by Kaminow and Liu who have found the
electrical bandwidths and conditions for different loadings. The 
physical arrangement is shown in Fig. A- 8 . By alteration of the 
dimensions the effective permittivity of the line may be altered
4.48
from near unity to that of the crystal . The theoretical 
modulation performances for various crystals9 has been calculated^ 
and design curves drawr/ .
Ideally, the permittivity of the crystal at the modulation 
frequency should be equal to the optical value (square of refractive 
index),for velocity matching. But as this condition is approached 
the impedance of the line decreases, and therefore the power dissipated 
in the matched termination increases, for a given modulation depth.
Most of the commonly-used electro-optic crystals, such as KDP, and 
Lithium Tantalate have microwave permittivities many times larger 
than their optical permittivities - approximately 4 times in the 
case of KDP .crystals, and 8 or 9 times for Lithium Tantalate and 
Niobate.
Gallium Phosphide has no dispersion between microwave
and optical frequencies, and should be , therefore, an excellent
travelling wave modulator. But, its electro-optic coefficient is
about an order lower than that of other common materials, and it has only
(81)
been used so far in small semiconductor junction and bulk modulators
Zinc Sulphide has reportedly been tried in a stripline to make use
. . . (79)
of the similarity between its microwave and optical permittivities
Velocity matching has been accomplished in another way.
Rigrod and Kam i n o w ^ ^ ^  matched the velocity of the light beam to 
that of the electric field rather than the reverse. They passed 
the beam into the KDP crystal at an oblique angle to its length, 
relying on multiple reflections from its polished sides to take 
the beam through. In this case, the ratio for which the permittivities 
were compensated was 2:1. Modulation up to 10 GHz was reported.
Later work by Kaminow et a l . ^ ^ ^  using the above technique 
was with Lithium Niobate. Here, (Fig. 4.3) modulation of Helium Neon 
Laser light at 900 GHz was shown to be’ 'possible, an HCN laser 
source producing the modulating electric field.
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4.7 METHODS OF DRIVING MODULATOR
When velocity matching is required, a travelling wave 
structure can be used. Usually, the line is driven from one end 
and the other is terminated in the line's impedance. It is also 
possible to terminate the line in an open circuit, setting up a 
standing wave. Voltage magnification is produced at the antinode, 
but the voltage falls off away from this. Consequently, the 
modulator must be shorter than, say, one eighth of a wavelength 
in the medium.
Small crystals can be treated as lumped capacitors and 
can be driven directly from a solid state amplifier, for baseband 
operation, or can be made part of a tuned circuit, for narrow band 
operation.
For pulse modulation, avalanching in a transistor can be
used to give sharp pulses at fairly slow repetition rates. Hirano
(91) . .
et al. have used a transistor emitter follower circuit to
drive their crystals through an inductance. This gives voltage
doubling at the expense of pulse shape (which would be degraded by
most propagation channels anyway).
■4. 8________MODULATOR CRYSTAL SPECIFICATION
4.8. 1_____ Cross Section
The thickness (d) of the crystal must be as small as 
possible to give the highest possible electric field across it.
Both d and width (w) must be large enough to allow the light 
to propagate through the crystal. The crystal capacitance should 
be minimized, and therefore so should 'd . These considerations 
lead to a specification of a square cross section crystal, 
assuming that a circular cross-section beam is used.
4.8. 2______Length-to-Width Ratio
As shown in §3.4.6., the Gaussian beam confocal parameter
is:-
d2 „ S2 4X
£ UTT *........... *........... * ........ ........
For Lithium Niobate n = 2 . 2 8 ,  and assuming a safety 
factor S = 4, & 0.63 ym light
d2 c
—  ^ 5.7 x 10“ 6
£
i.e. for d = 1 mm, £ £ 176 mm 
and for d >  0.53 mm, £ = 50 mm
Taking into account the difficulty in cutting and 
polishing very long, thin crystals, a length of 50 mm and width 1 mm 
was decided upon.
4.8.3 Half Wave Voltage
Calculated from Equation 4.19
V. = 7.8 x 103 x = 156 V___ ___A/2 du
4.8. 4______Capacitance
C = e e £ for square cross sectiono r  ^
. i.e. C = 8.854 x 44 x 5 x 10"2 = 19.5 pF ..
4.8.5 Accuracy of Alignment of x^-axis
The wave surfaces* for Lithium Niobate are symmetrical
about Xg axis, so the projection is drawn (Fig. 4.4 (a)) such that
the axis perpendicular to xq can be either x. or xq . The
1 1
ellipse produced has semiaxes given.by — - and —  , the
o
reciprocals of the ordinary and extraordinary refractive indices 
respectively. The circle has radius 1 /
°  ’
*The wave surfaces represent the velocity of waves emanating from a 
point source with the two preferred polarizations, and are immediately
deducible from the crystal’s indicalzrix.
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If the crystal is not cut parallel to the x„ axis, light
O
passing down the crystal will be 5.nclined to the axis at an angle
a (see Fig. 4.4(b)). This ray will be split into an ordinary
(110)
ray DK and an extraordinary ray DH at an angle 3 to DK .
Computing 3 in terms of a
tan 3 - tan (G - a)
tan a = —  tan b
For small a and 3
f
b
1 
a
a3
For Lithium Niobate,
2.29 5 w 2.2
i.e. 3 - 0.04a
The ratio in velocities between the ordinary and
. DK
extraordinary rays is —  .
To find the.co-ordinates of K,
equation of DK is x, = ax^ .......................
equation of tangent at F is b cosG y + a sinG x = ab
also DK = v/x ~ ~ 2 + x 02
for small a ,
Difference in position of wavefronts after length £
AX = — ■ (1 - —  ) (wavelengths)
A 9.
£ a 2
A 2   *..... ..........................
For AX £ 10 1 , and £ = 5 x 10 2 ; a £ 1.6 mrad.................... .
i.e. a < 0.1 deg. This value was specified.
Lateral displacement of extraordinary ray from ordinary ray in length £
Ax = 3£ ........................ ................ .
For a = 1.6 x 10” 3 , £ = 5 x 10-2 *, Ax = 3.2 ym..........
4. 8 . 6______ Acceptance angle for rays
The acceptance angle for rays entering the crystal is 
governed by the same constraint as That for x-axis alignment, that
O
is the half angle should be less than 2 mrad. for negligible path 
difference and displacement for extraordinary and ordinary rays.
It has been calculated, using a Smith Chart as explained in 
§3.4.6, that a Gaussian beam can be propagated through the crystal, 
with a safety factor of 4, and with a half angle of about 0 .3 mrad.
4.8.7 Flatness and Parallelism of End Faces
.The parallelism of the entry and exit faces is clearly 
as important as x^-axis alignment is for minimizing birefringence. 
Possibly the specification for flatness of the end faces, of less 
than one fifth of a wavelength, was the most critical factor. There 
was, however, a safety factor incorporated which meant that only 
of the area of the end faces was used. Small-scale flatness
16
better than that quoted for the whole face, could be expected.
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4.9 CONSTRUCTION OF MODULATOR MOUNT
4.9.1_____ General Points ■
The important points in designing the mount were the 
physical support of the crystal and the electrical mode of 
operation. At the time of designing the mounting, the Lithium 
Niobate crystal was expected to be extremely fragile - more so 
than it actuall}^ turned out to be. For this reason designs involving 
large or uncertain pressures on the crystal were avoided. 
Electrically, the modulator was to be driven in a lumped circuit 
mode, and was to operate up to a few hundred-mergahertz. The 
power amplifier was to be attached to the modulator through a 
short connecting lead.
4. 9.2______The Mount
(74)A mount similar to that reported by Biazzo was 
decided upon. He used a ceramic substrate coated with conductive 
thin films (Fig. 4.5). The crystals he attached by heating on the 
substrate in a special jig and then flowing fillets of solder 
across the joints. The solder made the electrical connections, 
and also acted to secure the crystals and damp out piezo-electric 
oscillations in them. Ceramic material is a good electrical 
insulator with low loss at VHF, and is also a good heat conductor. 
These properties make it a better choice than glass, which is 
also more susceptible to damage by heat or mishandling.
Pieces of 'Sintox’ ceramic material, measuring 
50 x 20 x 0.6 mm were used and attempts made to polish to a 
flatness of 5 ym or less. Finally, a suitable process was 
found to be:-
(i) Lapping each side with 20 ym carborundum for 
about three hours.
(ii) Polishing each side vjith 5 ym aluminium 
oxide for about three hours
(iii) Polishing each side with 3 ym. diamond paste for 
about three hours.
Laser beam Gold Films
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Analyser
Modulater Crystal 
on Mounting Jig
FIGURE 4.6 
Plan View of Modulator Mounting Set-up
F ig . 4 .7
M ounting J ig , w ith  c ry s ta l shown being held against substra te
F ig . 4 .8
M odula tor M ount, showing L iN b o 3 c ry s ta l 
held by conductive epoxy re s in
By laying an optical flat on the polished surface, the 
degree of flatness could be observed, and appeared sufficiently 
good in the centre portion where the crystal was to be mounted.
At the edges, there was some deterioration in flatness, despite 
attempts made to stabilize the polishing pad. Gold contacts about 
1 pm thick were put on the masked substrate by vacuum deposition.
4.9. 3______Dummy Run
A 50 x 1 x 1 mm 3 prism was cut from a glass slide to act
as a dummy crystal, and was vacuum deposited with gold on two
opposite faces. A complete dummy run was then carried out to test
the mounting prodedure, except that a light beam could not be
passed through the unpolished glass rod.
The whole mounting jig (Fig. 4.7), with substrate and 
glass prism mounted on it. was heated to 145°C, and tin/lead/cadmium 
low melting point solder was applied to the surfaces to be joined.
It was found, unfortunately, that instead of flowing over the 
surfaces, the solder absorbed the gold and formed into large 
globules.
This showed that a more complicated process would be
required if solder was to be used, which could involve, possibly,
(74)the deposition of Palladium onto the gold surfaces . Rather 
than devoting a great deal of time, and possibly expense to this, 
an alternative method was used. Conductive silver-filled epoxy 
resin was spread over the joints, using a small spatula. For the 
best possible conductivity the resin was cured at 60°C. Subsequent 
experiment showed that curing at 60°C rather than ambient reduced 
the resistivity by about half. The conductivity of the resin 
(about 10 3 fd-cro compared with 2 x 10 6 fi-cm for gold) should
result in' negligible resistance at the joints.
4.9.4 Mounting Procedure
The schematic layout of the equipment is shown in 
Fig. 4.6. Before applying the resin, a laser beam was passed
through the Lithium Niobate crystal, and static extinction ratio 
tests were made. The effect of change in temperature on retardation 
was also investigated at this point. The light beam was monitored 
continuously during application of the epoxy resin. After 
applying resin to both joints, the extinction ratio was reduced 
from 15:1 to about 7:1 when measured at ambient temperature, but 
the higher extinction ratio could, be reached again by heating the 
mount to 60°C. It was thought that differential contraction of 
the resin and crystal on cooling caused strains inside the 
crystal. Additional reduction in extinction ratio became evident 
after a few weeks, presumably due to further shrinkage of the 
resin on curing.
The ceramic substrate, with crystal attached was then 
mounted in its housing (Fig. 4.8) . The design provided protection 
for the crystal, and access to it via a short connecting link.
The perspex cover allowed inspection of the crystal during optical 
alignment. To enable tests to be carried out immediately, a small 
heater unit was made to fit under the modulator housing. This 
consisted of a thermistor temperature sensor controlling a Schmitt 
trigger circuit, which controlled a heating coil circuit (see 
Appendix 5.).
4.9.5 Details of Subsequent Mount
In an attempt to relieve the stresses in the crystal 
caused by the resin joints, the ceramic substrate and crystal 
were immersed in methylene dichloride. This was suggested by 
CIBA-Geigy, the makers of the epoxy resin, as a suitable solvent.
After a few hours, the crystal became freed.
After depositing new gold contacts on the crystal, it 
was mounted in a holder of different design (see Figure 4.9 (a) & (b)). 
This was made so that the modulator could be driven as a lumped 
circuit or in a stripline configuration (see §4.6). The latter 
configuration would be without complete velocity matching but 
with the advantage of having a 50 characteristic impedance.
(a) End V ie w
(b) V ie w  show ing  sca le
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The crystal was supported on a polished steel flat, with 
glass slides on either side, and a small pressure from above 
provided by a strip of synthetic rubber. The total capacitance 
had increased to 28 pF.
In the event, no-worthwhile increase in extinction ratio 
was observed, but the mount proved to be useful for later experiments. 
It was used with one end of the line open-circuited.
4. 10_______TEST RESULTS
4. 10.1____Temperature dependence
While originally.mounting the crystal a test was made 
to ascertain the effect of changes in temperature. The crystal 
was set up between crossed polarizers, and the light output 
monitored while the temperature was raised from ambient to 60°C.
No increase in light intensity could be detected, which demonstrates 
the absence of any birefringence.
*1.10, 2_____Admittance Measurements
Measurements of the original modulator assembly were 
made using a Wayne Kerr Admittance Bridge for frequencies below 
140 MHz, and a General Radio Slotted Line in the range 140-430 MHz. 
These results are plotted on the Smith Chart, Fig. 4.10.
It is not possible to infer accurately from these 
measurements the complex permittivity of the Lithium Niobate, 
which is dispersive in the v.h.f. band , because there were 
five unknowm values. - capacitance and loss, conductance of crystal, 
stray capacitance and series lead inductance. It is clear that 
to obtain measurements of permittivity above 50 MHz, (which do not 
appear to have been published yet) a specially designed mount must 
be used.
4.10.3 Modulation DeDth----
Firstly, the crystal on its original mount was driven
° Wayne-Kerr .Bridge Measurements 
• Slotted Line Measurements
100 (MH
RESISTANCE COMPCf
FIGURE 4.10
Lithium Niobate Modulator Admittance Chart
via a step-up transformer at 2 kHz and the output modulation 
detected in a photomultiplier. Secondly, the modulator was made 
part of an 100 MHz tuned circuit connected to a ciass-B 
transistor amplifier, operating from a 28 v supply. In this case, 
the modulation depth was determined from measurements of signal power 
from the photomultiplier detected in a Spectrum Analyser and of 
direct current. Thirdly, the crystal in the subsequent mount was 
tested at 100 MHz.
The results are shown in Table 2. The half wave voltage 
is extrapolated from the measurements taken, and compared with the 
calculated value.
TABLE 2
Mount Frequency
Peak Intensity Half-Wave Voltage
Voltage
(V)
Modulation
Depth(%)
Extrapolated
(V)
Calculated
(V)
Original d.c. 90 90 80.6
2 kHz 50 25 110 80.6 unclamped 
crystal
156 clamped 
crystal
100 MHz 27 11 'V 160 156
Subsequent 100 MHz
■ ■■■■■ ■ ..... ..  ■
6.3
4.11_________SUMMARY AND CONCLUSIONS
The specifications for modulator performance were 
given in §4.3.1. To meet the specifications of linear phase 
modulation of 0.63 m light, it was decided to use one of the crystals 
exhibiting the Pockels effect. As mentioned, this was to avoid the 
alignment and mechanical stability problems encountered with very 
small modulators such as Gallium Arsenide linear modulators or 
diffraction modulators.
It was found that, to use recently reported crystal 
cuts which gave low half-wave voltages, attention had to be paid 
to temperature compensation. But Lithium Niobate has a.unique 
.orientation for transverse modulation which is free from temperature
dependence. This is because for this orientation there is no static 
birefringence. Hence, although refractive index will change with 
temperature, no differential change occurs. This orientation is also 
the most resistant to optical damage.
Although the field-distance product is not the lowest 
for Lithium Niobate, adjustment of aspect ratio theoretically gives 
a suitably low half-wave voltage, while still allowing the beam 
to pass comfortably through the crystal.
The main drawback to the original design of crystal 
mount was the reduction in performance caused by the stresses 
induced in the crystal. Electrically, the lumped circuit approach 
works at 100 MHz, and is probably useable up to about 300 MHz. 
Assuming a larger extinction ratio than at present, an intensity 
modulation depth of 30% should be readily attainable with a 
"transistor circuit. Optically, the temperature independence 
predicted was found to be born out in practice (this was done 
before mounting the crystal).
After mounting the crystal, it was found that the damage 
caused by the strains in it had remained. However, this method 
of mounting proved to be more robust and useful. From the viewpoint 
of the experimenter, a mount such as this which allows rapid 
disassembly and adjustment should be better than one in which 
the crystal is anchored down with solder, for example. Such a 
method is possibly needed where piezo-electrically induced mechanical 
resonances are troublesome.
In conclusion the Lithium Niobate modulator has been 
found to perform satisfactorily at high frequencies, operating 
with low voltages, and being completely insensitive to temperature 
changes.
C H A P T E R  5
EXPERIMENTAL MEASUREMENTS AND RESULTS, FREQUENCY LOCK LOOP SYSTEM
5. 1_______ DEVELOPMENT OF PRACTICAL SYSTEM
5.1. 1________ Introduction
The complete system is shown in block diagram form 
in Fig. 5.1, and indexed photographs of it, including the target, 
are reproduced Fig. 5.2. Circuit diagrams of the important 
electronic components of the system are included in Appendix 6 .
The system was assembled in stages, the optical link being 
omitted at first. Once this electronics-only loop was tracking 
electrical path length changes satisfactorily, additions were 
made to allow inclusion of the laser link. These additions are 
summarised below:-
5.1. 2________ Low Frequency Modulation of Signal
The 100 MHz signal driving the electro-optic intensity 
modulator was modulated at 10 kHz in a double-balanced diode 
mixer. This produced a double sideband suppressed carrier 
.(DSBSC) signal, with the carrier suppressed by about 36 dB. The 
purpose was to make it easier to distinguish between signal and 
carrier frequency interference at the receiver. Furthermore, the 
demodulated signal output at the receiver would be at 10 kHz, 
rather than d.c., thereby making amplification straightforward
5.1. 3________ Junction FET Phase Detector
For the phase detector, a junction FET mixer was 
designed and built (see Appendix 6 ), operating close to the 
receiving photomultiplier anode. The output was connected to a 
low noise amplifier (Brookdeal Type 450). For setting up 
purposes, the photomultiplier anode capacitance was simulated 
using a fixed capacitor, and separate signal and local oscillator 
waveforms offset from each other by 3.0 kHz were injected into the
gate tuned circuit of the FET . through a 10 kE! resistor. 
Measurements of conversion gain, noise figure etc., were made, as 
listed in Table 5.1.
Conversion gain 18 dB
Noise figure 7 dB
Local oscillator noise level 0.09 yV rms
Noise equivalent voltage at 
FET gate.
0.67 yV
Local oscillator level at
20 mV
FET gate.
TABLE 5.1 For DFW11 Field Effect Transistor Mixer
5.1.4_______ Improvements in Transmitter - Receiver Isolation
Probably the most serious and intractable practical 
problem in this research has been to develop effective ways of 
isolating the sensitive receiver circuits against electrical 
breakthrough from the high power transmitter-modulator circuits. 
Even after enclosing the photomultiplier and phase detector in 
a brass cylinder to stop the transmitter radiation reaching them, 
some interference was still experienced. This was traced to 
insufficient isolation between the DSBSC modulator output and 
input (see Fig. 5.1). To stop this modulation reaching the 
receiver through the VCO itself, three steps were taken.
(i) The VCO output was connected to a hybrid 
coupler (Hatfield Type N82), the two outputs of this going to 
transmitter and to receiver mixer. The isolation between outputs 
was measured as 29 dB, giving useful- decoupling between transmitter 
and receiver.
(ii) A buffer amplifier stage was included at the 
VCO output to reduce any effects of the DSBSC signal on the 
oscillator frequency (this also remedied the pulling effect on 
the VCO caused by adjustment of tha line connecting it to the 
receiver).
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(iii) A wideband amplifier (see Appendix 5) was 
built to further increase the isolation between VCO and 
transmitter. A forward power gain of 41 dB was measured, with 
a reverse isolation of 75 dB.
5.2 MEASUREMENTS OF OPEN LOOP TRANSFER FUNCTION
5.2. 1________Introduction
The open loop transfer function was measured in 
sections, because of the difficulty involved in keeping two 
integrator circuits, in tandem,from drifting quickly from the 
correct settings.
5.2. 2________VCO - Synchronous Demodulator Section
The VCO frequency was set at the loop locking 
frequency and the frequency response from VCO input to 
synchronous demodulator output examined (see Fig. 5.1). The 
3 dB, 1 7 phase shift frequency was located at about 250 Hz, with 
no unexpected humps in the rnagnitude-frequency response. This 
denoted a low pass response, time constant 0.64 msec.
The time constant at the synchronous demodulator 
output was arranged to be 0.094 msec, resulting in the pole due 
to this part of the loop being about two orders of magnitude further 
away from the dominant poles and zeroes of the whole loop.
5.2.3 ____ Lag-Lead Filter
It proved possible to set this filter sufficiently 
accurately for its frequency response to be measured. The time 
constants used were,
- 45 msec
= 475 msec
(see Fig. 3.8). The midband gain, upper,and lower 3 dB points came 
at the expected frequencies.
5.2.4 Integrator
While the integrator circuit was not tested individually 
its performance was verified by reference to the full system 
response. Its response, in any case, should be as predictable 
as that of the lag-lead filter, which used an identical operational 
amplifier.
5.3___________MEASUREMENT OF OPTICAL MODULATION DEPTH
For this measurement, the photomultiplier anode 'was 
disconnected from the mixer input, and fed via a 1000 pF coupling 
capacitor to a 50 ft BNC socket on the body of the casing. From 
here, the signal was connected to a Hewlett-Packard Spectrum 
Analyser Type 8553 B. Total power in the two sidebands was 
measured, and used together with the direct current in the 
PMT to find the Intensity modulation depth.
Typically:-
Power (P) in one sideband = - 66 dBm in 50 Q
I, = 50 yA.dc
Hence, m = 6.3%.. .....................................
It is interesting to note that the "carrier" level 
as measured on the Spectrum Analyser was only 9 dB lower than the 
total power in the sidebands i.e. the signal power. It was found 
that this "carrier" signal was not received over the optical link, 
or via the reference input to the f.e.t. mixer. It appeared to 
be breakthrough directly from the VCO. This clearly demonstrated, 
the value in transmitting the optical signal in-the two sidebands.
5.4 TYPICAL SIGNAL-NOISE RATIO MEASUREMENTS
Conditions: Overcast day.
PMT anode current 1 ^  = 4.6 yA, background light only
= 50 yA..background + laser light
Loop unlocked; frequency set at usual locked value, 
and reference arm adjusted for maximum IF output. 
Scotchlite target.
Signal .. .. .. . . .......................
Laser Shot noise in 25 kHz BW ............
Background Shot noise in 25 kHz BW ............
Mixer/Amplifier thermal noise in 25 KHz BW
-70 dBV 
-98 dBV 
-101 dBV 
<101 dBV
/ \
^/>t = 28 dB in 25 KHz Bandwidth
TABLE 5.2
Typical Signal-Noise Ratio Measurements
The PMT anode current has been observed to increase 
by about five times during changes from overcast to bright
sunlight conditions at the target area.
5.5 COMPARISON OF PREDICTED & MEASURED SIGNAL-NOISE RATIO
The signal-noise ratio of the output received from 
the optical channel has been considered theoretically in Chapter 3. 
The equation relating the ratio to the relevant parameters is 
reproduced below, and applies for a Scotchlite target, i;-e. when 
the predominant noise source is due to the average laser light,
g _ p k ’k "  £D2 c o s  0 m 2P2
/n 8eBr2
P , Jtt arz 
2 +  k^
The actual value of some of the parameters differ 
from those assumed in the theoretical investigation. Therefore, 
Table 5.3 shows a comparison of the changed parameter values. Note 
that the electronic mixer noise figure is 3 dB greater than that 
given in Table 5.1. This is because the tuned .circuit bandwidth-was 
doubled by shunting with a 7.2 k^ resistor.
o . 3
Symbol Parameter Value (S/N)dB Loss (dB)
B IF Bandwidth 25 kHz
D Receiver Diameter* 0.13 m
k ’k" Optical Loss 0.48
m Modulation Depth 6.3%
P Laser power 15 mW
r Range 56.6 m
£ Cathode Responsitivity 28 mA/W
Signal-Noise Ratio using above data in 
Equation 5.3 50.5
Less losses due to:-
l
Electro-optic Crystal -1.8
Polaroid Analyser -5.2
Extra loss through glass surfaces 
(lenses, etc.) -2.4
Noise figure of Mixer -10
Correction of B to give square 
low-pass bandwidth -2
-21.4 "21.4
Giving expected I /nJ 29.1
measured
f  \
s//nJ (see Table 5.2) 28
TABLE 5.3
Predicted and Measured Signal-Noise Ratio
*Full diameter of Fresnel Receiving lens shown in Fig. 5.2 not used 
due to limitations imposed by subsequent optics.
5.6 ESTIMATION OF ELECTRONIC DELAYS IN THE LOOP ELECTRONICS
5 . 6 . 1  Summary
An estimate has been made of the electronic delays 
present in the laboratory set-up, and these are summarized in 
Table 5.4.
Signal Path Reference Path
PMT 61 nsec Adjustable line stretcher 1 naec
Coaxial line 5 Coaxial line 9
Transistor stages 1.2
10
67
Net de3ay 57 nsec; equivalent extra range 8.5 metres
TABLE 5.4 ELECTRONIC DELAYS
5.6. 2________ PMT Delay
The transit time for an electron moving in an 
electric field is proportional to the half power of the field.
The expected transit time for a PMT cathode voltage of the -1100 V used, 
can therefore be expressed in terms of the manufacturer’s 
figure for -1750 V.
t. . = 48 x / t t H  = 61 nsec . .......   5.4
transit / 3100
5.6. 3________ Transistor Stage Delays
For a bipolar transistor, time delay is expressed in 
terms o.t the transition frequency f^.
1T d ~ -27rfT
5.5
Hence, for both 2N918 and 2N3866 types, is 
about 0.2 nsec each stage, there being six stages in all.
5.7__________STATIC PERFORMANCE OF LOOP
5.7.1________ Target Displacement over 3 m at 56.6 to range
The target was moved in steps over a distance of
3 metres, and the corresponding possible lock frequencies noted.
The experimental points are plotted in Fig. 5.3.
A point to note is that the three curves thus 
generated while being,similar in shape, are not straight lines.
This can be satisfactorily explained by allowing for the 
effect of tuned circuit resonance on the loop response. It 
is shewn in Appendix 5 that, approximating resonance effects by 
a single tuned circuit, the effect near the resonance frequency 
is an apparent change in range proportional to the circuit 
Q factor.
Near resonance, from equation (A.33),
Indicated range, r' = fr ) ± -p- Q ............  5.6
 ^ '■e f f  0
An estimation was made of the minimum slope of
the curve of experimental points in Fig. 5.3, and also the
asymptotic slope i.e. that for frequencies far away from
resonance. From these measurements were inferred the effective
Q factor of the experimental circuitry, and (using Equation 3.10),
the effective range fr j
{ ° ) eff
These estimates gave: Q = 104     5.7
N eff = 65.3 m  .....    5 '8
The effective range compares satisfactorily with 
that derived from estimates of circuit delay (§5.6):-
101
C100
0)
o
99
98
2.87 31.371 20
Ar (m)    >-
FIGURE 5.3
Steady State Response of Loop for* Range 56.5 m
eff = ■*’rue ran§e + estimated error due to 
circuit delay 
= 56.6 + 8.5 = 65.1 m ............... 5.9
Using the values deduced from the experimental points
in .Figure 5.2, theoretical curves of expected loop response have 
been superimposed. These show reasonable agreement with experiment, 
in view of the single tuned circuit approximation to the four or more 
tuned circuits found in practice.
drift and instability in the practical set-up. The drift was mainly 
due to heating of the transistors driving the electro-optic modulator, 
and also possibly power dissipation in the modulator crystal itself. 
The main source of instability was that the transit time delay was 
modified by the presence of background light. As the intensity of 
the background light increased, the transit time decreased, probably 
due to changes in dynode biasing.
5.7. 2_______ Measurement of Range
The change in frequency resulting from a tt phase change 
in the reference arm, (brought about by a DSBSC modulator), was 
660 kHz, for the target range 56.6 m. After allowing for electronic 
delays (§ 5.6.1) and circuit Q (§ 5.7.1), the range computed using 
Equation 3.28 was 56 m. It must be born in mind that Equation 5.6 
is strictly valid only when the lock frequency equals the resonance 
frequency , therefore, reasonable agreement is found between 
theory and experiment.
5.7.3 ' Tangential Sensitivity for Scotchlite Target
voltage with a loop bandwidth of about 50 Hz. The noise level is 
approximately 2.6 mV p-p. Taking this as twice r.m.s. noise, and 
making allowance for 6 dB/octave loop filter falloff, this 
corresponds to 28.5 dB signal-noise ratio, in 25 kHz IF bandwidth, 
compared with the 28 dB measured. The tangential sensitivity is 
about 0.9 mm peak.
The slight scattering of the points can be traced to
Shown in Figure 5.4- is the noise on the VCO control
F ig . 5.4
E lec tron ic  Noise on Loop Output: Abscissa: 0.1 s /d iv .
O rd inate: 8 m V /d iv .
F ig . 5.5
Noise Spikes on Loop Output D uring  Rain: Abscissa: 0.2 s /d iv .
O rd inate: 8 m V /d iv .
5 .7 .U The Effect of Rain in the Propagation Path
To examine the effect of rain on performance, the 
Scotchlite target was fitted with an aluminium roof and sides 
which projected outwards to shield the target itself from rain­
drops , thereby eliminating the effect of a wet target on 
performance.
The noise in the loop when locked to a stationary 
target was then observed in a period of precipitation ranging 
from light rain to heavy downpour. It was found that the 
noise level remained at the level measured in dry conditions 
(i.e. laser shot noise-limited) in all conditions during the 
test except for the heavy downpour (see Fig. 5.5). The effect 
during this was of intermittent spikes in the loop output 
voltage, of maximum peak magnitude about 8 times the normal 
peak level, and repeating approximately twice or three times 
a second.
This effect is possibly due to partial loop 
drop-out when raindrops severely attenuate the transmitted 
laser beam. -
5.8  DYNAMIC PERFORMANCE OF LOOP
5 . 8 . 1  Tracking of Target Movement
A target sway simulator (Fig. 5.6) with Scotchlite 
surface mounted on it, was used to verify that the loop could 
track low frequency target oscillations. The simulator 
movement at 56.6 m range is shown, with the corresponding loop 
response in Fig. 5.7. The peak-to-peak movement of the target 
was 3.1 cm, and the repetition rate about 0.1 Hz.
F ig . 5 .6
T a rg e t Sway S im u la to r
F ig . 5 .10
O p tic a l B eam  D e f le c to r
Transducer Loop Output
Abscissa: 1.7s/div.
Ordinate: ^ 0 . 8  cm displacement/div.
FIGURE 5.7
Comparing Target Movement and Loop Response
5.8. 2________Frequency Response
The most convenient method found for measuring the 
loop’s frequency response was to simulate the changes in 
target range by adding a sinusoidal voltage into the synchronous 
detector output. A limitation in this method exists when 
large signals are injected here5due to the non-linearity of 
the VHF phase detector. This results in bad distortion, 
but, for small perturbations, the method is quite adequate.
The frequency response of the loop, with the lag-lead filter 
set for damping factor 0.71 and natural frequency 15 Hz, is 
shown in Fig. 5.8.
5.8. 3________ Transient Response
5.8.3.1 Method of Measurement
It was considered impracticable to make a target 
assembly able to perform the necessary transient movements 
involving 1 0 ’s of g acceleration, and an alternative method 
was employed. The solution was to arrange two target surfaces 
side by side when viewed from the transmitter, but differing
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in range (by about 15 cm). The transmitted laser beam was 
made to scan the targets sequentially.
To achieve a fast enough scanning action, the final 
transmitter telescope lens was made free to turn in a vertical 
axis, a solenoid providing the necessary rotation (see Fig. 5.9). 
Part of the practical set up is shown in Fig. 5.10 which.shows 
the simple lens rotation arrangement and the Schmitt trigger 
circuit. .
Solenoid
15 cm
GV
FIGURE 5.9
Diagram Showing Beam Deflector Operation
The performance of the deflector was examined 
using a United Detector Technology x - y position detector, 
set up at close range. The response is shown in Fig. 5.11. 
Some mechanical ringing is evident but this is unimportant 
as long as the laser spot does not oscillate between the two 
targets during this transient. The measurements showed an 
angular deflection of 0.3 mradswhich agreed with the 
measured deflection cf 17 mm at 55.6 m. The deflection could 
be adjusted by altering either the travel of the solenoid 
plunger or its point of contact with the radius arm.
Inset in Fig. 5.11 are expanded traces, which show rise and 
fall times of approximately 1 msec. The performance of the
deflector system was found to be satisfactory up to a repetition 
rate of 70 Hz.
(a) Repetitive scans, 
showing ringing
|Abscissa: 32 ms/div.
(b) Expanded traces of 
leading and trailing 
edges.
{Abscissa: 1.8 ms/div.
FIGURE 5.11 
Response of Bearn Deflector
5.8 .3.2 Results
The loop gain was found using the technique explained 
in §3.3.4. With lag-lead filter time constants =■ 0.253 s,
T 2 = 0.045 s, and loop gain 24 dB, the damping factor was 
predicted to be 0.71 and natural frequency 15 Hz (§3.3.3 1).
Oscillographs of the loop response during and 
after setting up are shown in Fig. 5.12 (a) & (b). The loop 
is tracking 15 crn step changes, at a repetition rate of about
0.7 Hz. In Fig. 5.12 (a), is shorn the response with low 
pass filter, with the loop gain adjusted for critical damping.
In Fig. 5.12 (b), the lag-lead filter is used, with the 
conditions stated above. The rise time of 70 ms, and overshoot 
of about 28% compare well with the theoretical predictions 
(§ 3.3.5J.
(a) W ith Low-Pass F ilte r , c r it ic a l damping
(b) W ith lag-Lead F ilte r , 28% overshoot 
Fig. 5.12
Displacement Step Responses: Abscissa: 170 m s/d iv .
Ordinate: 20 m V /d iv .
Fig. 5.13
Displacement 
Abscissa: 83
Step Response, increased damping and natural frequency 
m s/d iv . - Ordinate: 20 m V /d iv .
5.8.4 Trading off Response-Time and Bandwidth
The compromise in terms of bandwidth and response- 
time is treated in §3.3.7 where it is shorn that setting the 
damping at 0.7071 allows the response to be slightly modified 
by changing the loop gain. The damping and natural frequency 
can be adjusted easily by altering the IF gain. An example 
is shown in Fig. 5.13, where damping and natural frequency 
have been increased 1.8 times due to an increase in IF gain of 
10 dB, The rise time has decreased as expected to 25 ms, and 
qualitatively, the noise can be seen to have increased.
5.9 ATTENUATION OF BEAM BY TARGET
5.9. 1________Scotchlite Target
The total reduction in laser power from transmitter 
to receiver with a Scotchlite target was found to be 39 dB. Of 
this approximately 1 dB could be assigned to losses in optical 
components. Measurements showed that the laser target spot 
could be focussed to about 0.5 mm diameter with the Fresnel 
lens. But, to minimize background light, the image plane stop 
was made 0.3 mm diameter. This suggests a reduction in received 
laser power of about 5 dB.
The net effect of the Scotchlite target was therefore 
approximately 33 dB, comparing well with that predicted in 
the calculations (33.2 dB) (see §3.5.3).
5.9. 2________Brick Target
Comparing measurements of received laser power 
from Scotchlite and brick targets, showed a reduction of 
approximately 27 dB for the brick. This agrees with the 
measurements of E. Dagless (see §3.5.2) to within 1 dB.
(Note: Slightly different surfaces were used in the two cases).
5.10 COMPARISON OF POLARIZATION VERSUS INTENSITY MODULATION
5.10.1 Depolarization by Scotchlite and Brick Targets
Since a photodetector responds to light intensity 
and not polarization, a suitable way of comparing Intensity and 
Polarization Modulations is merely to move the optical analyser 
from the transmitter beam to the receiver.
The measurements were performed in darkness (but 
at the full experimental range of 56.6 m) in order to isolate 
the required effects. The amount of depolarization of the 
Scotchlite and brick surfaces was determined by measuring the 
optical powers collected in two orthogonal planes of 
polarization. The degree of depolarization can be defined as 
the fraction of the total backscattered light 'which appears to 
emanate from a perfectly unpolarized source. If this fraction 
is n, then half of this will be scattered into the orthogonal 
plane of polarization and half will remain in the same plane.
i.e. Ratio of energies in two planes = —   L — L  ..............
n/7 2 \ J
Using this Equation, the typical degrees of 
depolarization for the two target surfaces are:-
Scotchlite target n = 0.18 .....................
Brick target n = 0.75... ....................
5.10.2_______ Reduction in Signal due to Depolarization
The results of measurements with Scotchlite and 
Brick targets are given in Table 5.5. The difference in signal- 
noise ratio for intensity and polarization modulation with the 
Scotchlite target is negligible, but, for the brick target is 
substantial. These results support the argument that intensity 
modulation should be used with non-co-operative targets.
5.10
5. 11 
5..12
At the bottom of the Table is included the reduction 
in signal level measured, and predicted from depolarization 
measurements. The predicted reduction in optical signal of 
6 dB occurs because optical interference is necessary at the 
receiver to achieve intensity modulation, and this is assumed 
not to occur with the depolarized light.
Target Scotchlite Brick
. - in transmitter 
Analyser
m  receiver
i
Intensity 
Mod.
Polarization 
Mod.
Intensity
Mod.
Polarization 
Mod.
Accuracy of Power 
Measurement (dB) ± 1 i
+
M-
*
..
..
..
IF Signal (dBV) -73 -73 -69 -79i
Noise in 25 KHz BW(dBV) -104 -104 -7'9j -811
Signal-noise ratio (dB) 31 31
•
10 1 2
Jdc (1JA)
50 50 50 38
PMT cathode voltage (V) 1145 1145 1740 1740
! Predicted Actual Predicted Actual
i
PMT cathode opticai 
signal level change (dB)
i o to 0 -6 -si
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A P P E N D I C E S  
APPENDIX 1 COMPARISON OF THE DECCA COHERENT SYSTEM (DECCOM)
AND THE MODULATED CARRIER SYSTEM
Al .1 _______ Introduction
The basic Deccom is reviewed in §2.2.5, only 
refinements such as a chopped beam facility and the phase 
lock loop being omitted. Quantitatively, it can be compared with 
the modulated light system in terms of signal-noise ratios. The 
effect of the target and intervening atmosphere must be included, 
and this will be shown to have an important bearing on the 
comparison.
Al. 2___________Daslc Difference between the Two Systems of Detection
To compare the systems, an understanding of the operation 
of the Deccom is required. In the balanced optical detector, the 
reference and signal electric fields are added in one photodetector 
and subtracted in the other. The interferometer's reference arm is 
modulated in length by the oscillating mirror, and the FM sidebands
produced are present in the electrical output of the detector. By
adjusting the modulation index of the FM, the magnitudes of fundamental 
and second harmonic components are made the same. The second harmonic 
is then converted to fundamental frequency in a coherent mixer and 
the two fundamental waveforms added. Because quadrature phase infor­
mation is present in the two waveforms, the output contains tne optical 
signal phase information. Doppler frequency is just rate of change 
of phase, as explained in §3.2.1, and this can be extracted by 
passing the output waveform to a frequency, discriminator.
Shot noise out of the two photodetectors is uncorrelated, 
and hence does not cancel out in the differential amplifier. Due to 
the process of cptical detection there will be direct currents at 
the photocathode caused by the average signal, background and local
oscillator light powers. It can be assumed that the former two will 
be easily outweighed by the latter. This being so, there will be 
electronic shot noise in the IF bandwidth caused by the local 
oscillator .
There will also be alternating currents caused by the 
background average light mixing with the local oscillator light 
frequency. These noise waveforms will be limited to the IF bandwidth,
The predominant noise components are thus the local 
oscillator shot noise and mainly background light noise in the IF 
bandwidth, although in practice the former will be considerably 
the larger of the two. This is because the background power is 
relatively small, the IF bandwidth being some five orders narrower 
than the optical bandwidth.
With the Modulated Light System, no coherent optical 
mixing takes place. Shot noise is produced by average received 
laser power, and by background light in a bandwidth set by optical 
filters. The level of shot noise is governed by the IF bandwidth 
here as well.
Al. 3_________ Comparison of Signal-noise Ratio,
Al.3.1 The Deccom
An expression for the signal-noise ratio for the Deccom
(2)
is taken from H. Avsec’s thesis
2£2P P
(S/N)D " : ~ HFkT B ~ ~
2eIdB + 2e5B(Ps + PQ + Pg + PH > + + '**P0B<W„ + W„>
G Rr 
L
A. 1
where Pg is signal beam power received from target.
Pq is reference or local oscillator beam power. 
Pg is background light power.
P^ is local oscillator noise power
WB
nN
mean noise powers per unit bandwidth for background and 
local oscillator in range j^0 ~ + PIf J *
F is amplifier noise figure 
(Other symbols as used in Chapter 3).
P k 1k M D 2
(received power) = p Transmitter power x loss
P„ (background light power received) = J7ra2pkM D 2 (background 
B
power at target x loss).
The local oscillator power Pq will be assumed to be 
about 0.4 transmitted power P.
The important noise components in practice have been 
shown to be shot noise due to local oscillator light,
I  2 = 2eB.£.P ... ..................................  A.2
nl o
and background light in IF bandwidth mixing with local oscillator.
I . 2 = 4 P - . P . ? 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A.3
nb B o B,
L
where Br is optical bandwidth.
Ju
i , 2 eBvComparing these nl _  L
2
'nb
i , * 2PB^
= 10“ m 
E, = 1 0 " ’
Bt = (1 8 ) = 75 GHz
Jj
k ’ = 0.5 
k" = 0.96
A.4
From Equation 3.59, for a concrete target p = 0.15,
.*. P = 0.15.JttK,: (aDn )2 ............................... A.5
D JJ
Taking representative values J = 0.12 W/m2 (1 $ B.W„)
a = 5 x 10“* rad.
i ,2
Substituting: — —  “ 1.3 x 103
i , 2 nb
i.e. for typical conditions, i^ 2 >:>
Hence, for the Deccom, the predominant source of noise is shot 
noise due to local oscillator.
Assuming Pq > , and neglecting dark current,
resistor noise, etc.,
pSk'k" D 2(0.7P)
(S/N)„ = .................. .............................  A .6
D eB r 2
Where (0.7P) is fraction of the total power P which is transmitted.
Al.3.2 Modulated Laser S3fstem
It has been shown in Chapter 5, that a Modulated 
Laser'System is limited by laser and background shot noise under 
typical conditions. Using Equation 5.3:-
p£k’k M D 2m 2P
(s /n ) - :------ ,—  --------
8eBr2 l + J ( “r)
? k'
5.3
Al.3.3 Comparison of Signal-Noise Ratio
5.6 [V2 fp iJTr(ar) 2
P mD„l
V J
i2 k' J
Taking representative values,
= 0.1 m
D.. = 0.3 m 
M
m = 30%
fs
’/n
= 0.43 (-3.6 dB)
N.B. This does not include coherence losses encountered with the 
coherent Doppler system, the subject being discussed in § A1.4.
A1.4 Effect of Non-Specularly Reflecting Target, and
Coherence Loss
It might be stated again here that the measurement 
parameters are target oscillation frequency and amplitude. -With 
a specular target5 the Deccom System is potentially able to give
4
these because the IF signal contains phase information. However, 
with a rough target surface, the phase of the backscattered 
light can change rapidly and discontinuously for small changes 
in position. To minimize this source of error, Doppler frequency 
information is extracted by the Deccom Instrument, in order to 
smooth out the phase changes.
As mentioned in §3.5, the receiver aperture should 
not be greater than transmitter aperture in the Deccom, so no more 
than one lobe of the backscattered speckle pattern is received 
from a rough target surface. This limits the receiver aperture, 
because of constraints in the divergence of the beam focussed on 
the detector cathode. On the other hand, with the Modulated 
Light System, the receiving aperture should enclose a number of 
lobes, so as to even out changes as the lobes move through the 
receiver field. The receiver can thus be made as large as 
practicable with no theoretical restraint.
Coherent signal loss in the Deccom System has not 
been included in the calculations. This is the loss over and 
above that due to atmospheric and target absorption, and can be 
divided into groups: (i) Depolarization of the light at the target 
(3 dB loss); and loss of coherence due to (ii) Scattering from the 
target (iii) transmission path, and (iv) beam misalignment. The 
total coherence loss ranges from 5 dB for a Scotchlite target, to 
about 12 uB for non-co-operative targets like white paper, and 
presameably concrete^\
APPENDIX 2 THE USE OF A FRESNEL LENS IN THE RECEIVER
A2.1___________ Introduction
An advantage of the modulated laser range measuring 
system, as discussed in Chapter 3 is that the aperture of the 
receiver optics is not limited by the constraints that apply to 
coherent optical systems. In order to exploit this advantage in 
a portable instrument, inherently light-weight receiving optics can 
be employed. This requirement rules out the use of a glass 
spherical lens in any reasonably compact arrangement. The alter­
natives are to use a reflecting telescope, or poss5_bly a Fresnel 
lens.
Nearly all reflecting systems lose some of their 
total receiving area due to auxiliary mirrors which have to be 
mounted coaxially and in front of the primary mirror. On the other 
hand, very little loss is associated with reflection from the 
metallised surface of a mirror in comparison with that associated 
with transmission through a refractive lens system.
However, the considerable advantages possessed by 
variants of the Fresnel lens prompted an investigation of their 
properties. The original Fresnel zone plate consisted simply of 
concentric annuli of alternately transparent and opaque materials 
calculated so as to allow constructive interference of light
(7)
from each transparent annulus m  the designated focal region 
A development from this is essentially a flat plate indented with 
concentric grooves. The angles of these grooves correspond to 
the tangent angles at the surface of a normal lens (Fig. Al), 
but the surface on the Fresnel lens is discontinuous, and a 
large percentage of the volume of the normal lens is thus dispensed 
with. The material used for these lens can be glass or plastic.
In the former case, moulding is not feasible due to the high 
surface tension of the glass, and the grooves must be
engraved on the glass. In the latter case, plastic materials are 
ideally suited to the moulding process. Acrylic plastic, for
example, has 93% transmittance over the visible band of wavelengths, 
a refractive index of 1.49, and a specific gravity less than one 
half that of optical glasses. The one main disadvantage is the 
relatively*low recommended maximum operating temperature of 92°C
/ *1 1 r \
Plastic Fresnel lenses are available which are corrected for
spherical aberrations, can be anti-reflection coated, and can have 
f--numbers down to 0 .6 .
Comparing a typical receiving lens specification 
(diameter 48 cm, f-number 0.9), the relative weights of the 
receivers would be:~
Glass spherical lens - 21 kg
Reflecting telescope - 15 kg
Fresnel lens - 0.5 kg
The enormous weight saving with a Fresnel lens may 
well more than offset the disadvantage of inefficient operation 
due to phase differences across the lens, which is explained below.
A2.2 Phase Differences over the Lens Surface
This effect can be explained with reference to the 
main theoretical dissimilarity between the Fresnel lens and an 
ordinary spherical lens. The grooves in a Fresnel lens can be 
regarded as annular prisms, which refract the light to a common 
central focus. But light reaching this focus from different 
annuli will have travelled through different paths. This in turn 
results in a phase difference for a signal modulation on the 
light beam, and therefore the integrated signal at the focus is 
less than the arithmetic sum of its components.
Fresnel lens
Equivalent 
Spherical lens
Fresnel zones
FIGURE A.l 
Cross-Section of a Fresnel Lens
Focal Point
FIGURE A.2
Geometrical Figure
A2. 3 Phase Shift through Fresnel Lens
Consider an annular area at radius y, width 6y. Light 
from all sections of this annulus will have the same phase shift 
relative to the axial ray (as 6y -*• o).
A<f>(y) = ^  ((v2 + y 2P  - v ) ......................
The intensity at radius y is
1 y
I (y) = 8 — —  dy
D 2 -
Making the assumption < 0.
I I = I
total o
f
TTD
Sill 8Av
'ttD 2
18 vj
Arg ^totaP = arctan
ttD2> -1cos bAv
ttD 2s m  , A bAv
1 T)
—  ----  falls to 90% when -r—  > 2.0 (provided D < 1.6 v).
1 Av
o
This approximation does not hold for large D, giving 
in fact, pessimistic results.
A numerical approximation has also been used, basically 
involving the division of the lens into eight annular Fresnel
zones, and the addition of the phases. The accuracy obtained was
estimated to be of the order of a few per cent. Some representative 
results are given in Table A.I.
A. 8
A.9
A. 10
A. 11
D(m) v ( m )
—  1
A(m)
!
i !
total |
Io I
0.26* 0 . 2 3 1.00 to 3 dec. places j
1.7 0. 2 3 0.94 j
1.7 0.2 1 0.55 j
i---  . . J
*This is the actual experimental condition
TABLE A.1
The Effect of Aperture and Wavelength on Receiver Signal
APPENDIX 3 INTERPRETATION OF THEORETICAL SIGNAL AND NOISE POWER
RESULTS
' ‘ N FB .Tor clarity of presentation, the bandwidth in T i g s . Ar3-A7 is 10
(a) Photomultiplier Tube 9816 B
The gain was adjusted for each target and receiver 
diameter to give maximum direct current and hence maximum signal. 
The signal and noise powers in the 7 kfi load resistance are 
plotted against receiver aperture in Fig. A.3 for both Scotchlite 
and concrete targets. The change in gain with receiver aperture 
is also shown in the Figure. Laser and background shot noise 
outweigh dark current shot and thermal noise in both cases. The 
gain varies over a range of approximately 50:1.
(b) Avalanche Photodiode 30500 (Fig. A.4)
The optimum gain or avalanche multiplication factor 
of the diode depends on both the value of the load resistance and 
the total current through the device (see §3.6.2). For the 
Scotchlite target, the predominant source of noise is laser-shot, 
which is about 6 dB above thermal (Johnson) noise, In the case 
of the concrete target, for small apertures the shot noise due'to 
the dark current is important. This quickly diminishes as the 
optimum gain reduces for longer apertures, the dark current being 
partially gain dependent. The change in the optimum gain, which 
stays within the practical limits of the device for all receiver 
apertures at this range, is about 9:1 (9.5 dB).
It is interesting to note that the result of the gain 
optimization is that the predominant noise level increases only 
slightly as the aperture increases. This level is about 5 dB above 
the thermal noise level. To increase the gain above the optimum 
level would be to make the thermal noise insignificant. The 
predominant noise would then increase faster than the signal for 
increasing aperture, with a consequential reduction in signal- 
noise ratio. This is because of the excess noise factor (p) 
introduced by the avalanche multiplication (see §3.6.2). It is 
clear that the adjustment of gain in this case performs an 
important function which is not present for the case of the PMT 
which can be considered an almost noiseless amplifier.
(c) Diffused pn diode with guard ring, and p£n diodes
.(Fig. A. 5, 6, 7).
The SGD100A diffused diode is a large area device, 
with a guard ring which nearly eliminates the surface leakage 
current which can be more than an order larger than the bulk 
leakage current. The hp 4203 pfn diode is a standard small area, 
low leakage, low capacitance device. The recently introduced 
C 30801 has a larger area than the hp 4203 wTith most other 
parameters similar. The exception is leakage current which is 
over three orders worse than the bp 4203 and one order worse than 
the guard ring diode.
The predominant noise source in each case is thermal, 
which varies between devices depending on their particular 
equivalent circuits, and the frequencies used. The dark current 
shot noise is insignificant in the hp 4203 pfn diode; becomes 
larger than laser shot noise from a concrete target in the SGD100A 
and is even comparable to the laser shot noise with Scotchlite 
target in the C 30801.
The effect of increasing frequency is generally to 
increase thermal noise in the silicon photodiodes. This results 
in a deterioration in sensitivity since thermal noise predominates 
in all these (except the avalanche photodiode). In the case of 
the photomultiplier, electron transit time spread limits operation 
to not much more than the 100 MHz frequency assumed in the above 
calculations.
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APPENDIX 4 VELOCITY MATCHING IN ELECTRO-OPTIC MODULATORS
The conditions associated with partially loaded stripline 
have been analysed by Kaminow and Liu^^*^ and o t h e r s H 9 ) ^
In particular, microwave dispersion becomes important as the 
frequency is increased, and also the electric field in the electro­
optic crystal ceases to be evenly distributed. But, for frequencies 
up to several gigahertz, a simple approach is valid.
T.he dimensions of a partially loaded stripline are 
shown in Fig. A.8. The sections of stripline not occupied by the 
crystal can be filled with either another dielectric medium, or air. 
The case for air filling is considered here.
The effective microwave refractive index of the line (N)
is found simply by considering the effective capacitance of the
line per unit length (C ^ ) .  This approach holds as long as
b «  w and/or e »  1
r
i.e.
eff
C + C
medium air
v t2 wN —  = £
b <
e d j
r w - d
— :  +
b
from the Parallel plate 
capacitance formula.
Hence N =
o
W
((w - d) + e d)
For b «  w, distributed inductance/unit length L = — —
w
and distributed capacitance/unit length C =
N 2w
Assuming zero attenuation, the propagation constant y = joj / LC
Microwave velocity v
/lc /  ]i N 2
But velocity in free space c =
A.12
A. 13
A. 14
— ■ (Relative permeability - 1).
FIGURE
Characteristic impedance Z = / — = TV ~ ...............................
r o / c 0 Nv;
r) = characteristic impedance of free space (= 377f2).
For a perfect velocity match, N = nQ -where nQ is the 
optical refractive index. In the more general case, there is a 
velocity mismatch given in terms of a refractive index mismatch 
X = (N - n ). In this case, the stripline impedance is:-
(X + n + 1)(X + n - 1)
7 - y~|  2___________2_____
o " o (er - 1)(X + nQ ) ................
A measure of the efficiency of the modulator is the 
ratio of power in the crystal to power in the rest of the stripline. 
This is given by:-
<er - w r1........
(X + n + 1)(X + n - 1)- 
o o
In the last two equations, it can be seen that 
decreasing the mismatch X, decreases the characteristic line 
impedance and the fraction of power in the crystal itself. Both 
may be undesirable, since, if the impedance is decreased, for the same 
percentage modulation depth a larger power must be dissipated in 
the matched termination of the line.
The amount of mismatch which can be to3.erated will 
depend on the maximum modulation frequency to be used.
Effect on Phase Modulation of Velocity Mismatch
Assume the modulating wave propagates without loss
through the crystal. The light wave will pass through the crystal
N
faster than the modulating wave by a factor —
no
The direction of propagation is designated x.
A . 15
A.16
A. 17
For the perfect velocity-matched condition, the 
retardation produced by a peak modulating voltage Vq is:-
V n
r - —  o .
0 “ 2 (E.£)A/2 * d *
V
A.18 Hence
2
dr
fl 2
vJT _0__ _
2d (E.JOA/2
dx
With reference to the light velocity, the microwave
, (N - nQ )
velocity is slower, the difference being Av = c
N n
At distance x the modulating-wave will have 
lagged in phase by:-
a o-rr (N - n )2tr Av 2tt x • o
rr—  n x —  = — —^  ---—---
o c A No o
03 x (N - n ) 
m o
Hence the modulating voltage can be represented by:-
V(x) = V cos 
o
f
0) .X.x
*
m
+ <f> JI c ;
Substituting (A. 21) in (A. 19) where (j) is set equal to zero,
r =
2 r
c
I
' z
03 Xx
m
cos
J c ^ /
dx
sin($&/9) (D X
= p —  -----  A.22 where $ = —
0 3 V 2 c
Assuming a cut-off modulation frequency, when F = __0
1.39
i.e. X.f . 1  ~ 1.33 x 10' 
m
Microwave Losses
The effect will be a reduction in voltage along the 
stripline, and so there will be a reduction in modulation depth even 
with a perfectly matched line. The losses can be represented as an
. A. 19
A. 20 
A. 21
A.23 
A.24
attenuation coefficient easily expressible in terms of crystal and 
line parameters. The above equation for retardation will be 
modified slightly.
Lumped Circuit Modulator
The case may arise where the crystal modulator is 
short enough relative to-the modulating wavelength to be considered 
as a lumped circuit, that is the modulating wave effectively has 
an infinite propagation velocity along the crystal. Two criteria 
apply to this case. .Firstly, the modulation wavelength should be 
considerably longer than the crystal length,
A
/ T £ «  ~ ..... ................................. ....... . A.25r 4
and secondly the equation for '3 dB' fall-off in retardation should 
be applied with N set to zero.
n £f * 1.33 x 108... .............................. .....  A. 26
o m
/ r
Hence —  > ---- ------- TTTj = 0.56 ........... .....  A.27
n 4 x 1.33 x 108
o
For Lithium Niobate £  = 44, n = 2.28
r 5 o
J T
— - = 2.9 ..... .......................... ........  A.28
n
o
Therefore the criteria are satisfied and from Equation A.26,for £ = 5 cm,;
f < 1.2 GHz ............................................. A.29
m
APPENDIX 5 THE EFFECT OF CIRCUIT RESONANCE ON LOOP RESPONSE
For a single tank tuned circuit, the slope of phase 
shift around resonant frequency can be approximated by,
s 20.
df f .........................................o
Hence, at 100 MHz, 3 3  - 20Q m.rad/ TT .
df ' MHz
For sensitivity of 1 mm, X = 3 m, the phase shift 
must be less than:-
Q
e.g. for Q = 10, any change in frequency should be 
much less than 21 KHz.
To find how the above effect modifies the loop 
response, substitute Equation A.30 into Equation (3.19),
Hence substituting in Equation A.30
df <0.21 MHz A. 31
0
2(r )
dr + A. 32
c C CO
0
t „ . 1 2 2  . c O  riNow, Open Loop G a m  = ■■■— ■■ ■ —  r ± F„
5 y  *  CR c co 2
A.33
0
The Equation developed here is used in the experimental results 
section (§5.7.1).
CIRCUIT DIAGRAMS
+15v
2k
10k Set Pot
Si-4 —
'Output
N5556T
2k 10k
■J3»
-15v
Switch SI. (a) Set Frequency (initial conditions)
(b) Lock (integrating mode)
FIGURE A.9
Integrator with Control Switching Circuit
Outputs 
10 mW 1 mWInput
-8 +15v
6k8lk 51R
I2N3866
BF377 BF377
5k6
23R
I8k2
A
lk 
47R
270n
8k 2
22p
lk
51R
•© -15v
FIGURE A.10
VCO Unit
Input
50
Input
5 0 Q
+20v -----©
2N3866
0. 2p17n
0-10p2N3866680R
0-20p
0-20p
E-0
Mod.
5 6 OR 3-20p
0-10p
120R
FIGURE A.11 
Electro-optic Modulator Drive Unit
270R
+20v
dOv
390R 390R
2k7 2k7
L L o ) Output
• cnf)
390R
820R 820R .
68R
82R 2p2 82R
it ■t i t  tn^iriw
Transistors 2N918
FIGURE A.12
4.7 V
d.c. +15v
monitoring Reference 
point Input
lk
100kr ,f .c
BFW11In 5
PMT
Anode
I ITII
0-20p 14p OJp
lk
IF.
Output
FIGURE A.13 
VHF Mixer
+20-30V
680R
Deflector Solenoid 
tor Heater Element
220R
lk
51R
(> [ 2N3055
5k
ZTX302
ZTX302
.0R5
100R-3k
FIGURE A.14
Schmitt Trigger Circuit, to drive Beam Deflector, or Heater Unit
PUBLICATIONS AND PRESENTED PAPERS
A7.1 _______ Publications
(a) "Temperature-Independent Low-Voltage Wide-Bandwidth 
Optical Modulators" Electron. Lett (1972), 8_, 11, pp 289-90.
(b) "Determination of Structural Vibrations Using a
Modulated Laser." To be published in the International Journal 
'Acustica' (1974), 00, 4.
A7. 2__________ Presented Paper
"Determination of Structural Vibrations Using a
Modulated Laser." British Acoustical Society Meeting at the 
National Physical Laborator}', Teddington. 22nd March, 1973.
« t-CWfi it U H H !  U K U . - M ' i y i . i  W L I V  S
L O W - V O  LTAG E Wt D E- B AIM D W I D T H  
OPTICAL M O D U L A T O R S
Ip '^xinp terms: Electro-optical effects. O ptical modulation. 
Modulators
Tem perature-independent clectro-optic m odulators have been 
constructed using lith ium  niobate. A  frequency response 
extending to 2 G H z  has been achieved with a relatively low  
drive power. The m odulators have been used with a 0 -63  //m  
laser and are easily aligned on a standard optical bench.
Introduction: Recently reported low-voltage transverse optica! 
modulator crystals have been sensitive to temperature.1-5 
The change in birefringence caused by temperature d rift can 
cause changes in retardation o f the order o f half a wavelength 
per degree Celsius. Two possible solutions are to stabilise the 
crystal temperature precisely or to use two identical crystals 
oriented to cancel the induced birefringence. Both methods 
introduce complications in mounting and operation.
The solution used here avoids these troubles at the expense 
o f a small increase in halfwave voltage. L ith ium  niobate is a 
crystal which, in its ideal form, is uniaxia! along the caxis. 
By directing light along this axis, with a transverse electric 
field applied, temperature-independent operation is possible 
in principle.6 Exploitation o f this crystal orientation has not 
been possible in the past, because crystals o f sufficiently high 
purity and low residual strain could not be grown. Recently, 
higher-quality material has become available, which has 
allowed the use o f this orientation in the modulators described.
Both lumped-circuit and travelling-wave-type modulators 
have been built using this material. A  frequency response 
extending to 2 GHz has been achieved w ith a relatively low 
drive power. The modulators have been used w ith a 0-63 //m 
laser, and are easily aligned on a standard optical bench. 
Optical damage previously experienced7 has not been en­
countered w ith laser beams o f up to 15 mW.
Crystal details ' The crystals used measure 1 x 1 x 50mm and 
have gold layers vacuum-deposited on a pair o f longitudinal
lithium-niobate 
crystal
gold films
c axis
conductive 
epoxy resin
ceramic substrate 
Fig. 1 Lumped-circuit-moduiator mount
faces, and antireflection-coated end faces. They are quite 
robust, and require no special handling precautions.
A  static extinction ratio o f 15 dB was readily attained using 
a simple Galilean telescope to reduce the laser-bcam diameter 
to 0-25 mm. The optica! insertion loss is less than 1 dB. To 
examine the effect, i f  any, o f temperature on the crystal, it was 
placed between crossed polarisers. The output-light intensity 
was then monitored, while increasing the temperature from 
ambient up to 60'C, a change o f about 40 degC. No change in 
intensity could be measured over this range.
Lumped-circuit m odulator: A lumped-circuit modulator was 
built to be used in the tuned circuit o f a transistor amplifier 
fo r narrowband operation.
The crystal was mounted on a ceramic substrate as shown 
in Fig. 1, in a way sim ilar to that used by Biazzo.1 Thin-film  
gold contacts were deposited on the ceramic to provide 
electrical contact. To avoid the difficulties associated with 
the use o f low-melting-point solder, conductive epoxy resin 
was used to attach the crystal. A lthough the small shrinkage 
o f the resin on curing and consequent strains give rise to a 
reduction in tire extinction ratio, a useful performance is still 
obtained. The effect o f this reduction in the extinction ratio 
is to reduce the intensity modulation depth by about 50%.
A t 100 MHz, the m odulator was put in a tuned circuit 
driven by a transistor operating in class B from  a 28 V supply. 
This gave an intensity modulation depth o f 16%, which 
corresponds to a high-frequency halfwave voltage o f less than 
200 V. Admittance measurements o f the crystal at 100 M H z 
yielded a capacitance o f 19 pF, corresponding to a relative 
perm ittiv ity o f 43 and a loss tangent o f 0-03. These results 
agree well w ith previously published values/’
Travelling-wave m odulator: This is a stripline construction, 
the crystal being mounted in the line as shown in Fig. 2.
To obtain wide-bandwidth modulation, it is neccssaty to 
match the velocities o f the microwave and optical travelling 
waves. For a perfect match, the stripline must be designed to 
have an effective perm ittiv ity equal to the square o f the
strip line
77?
LiNb03 crystal
ground plane
light
crystal
-ground 
plane
Fig. 2 Representation of travelling-wave modulator
a Cross-section 
b Side view
optical refractive index o f the crystal at the wavelength o f 
interest. In the construction used here (Fig. 2), the effective 
perm ittiv ity depends on the ratio W jd, Unfortunately, for a 
given crystal length and modulation depth, more power is 
requited fo r a closer velocity match. A compromise has 
therefore to be made between the required bandwidth and 
power. In this modulator, a bandwidth o f 2 GHz was 
required and was the basic design criterion. Design curves 
similar to those drawn by Bracalc and Lom bardi9 were 
plotted fo r L iN b 0 3 w ith the aid o f a computer. They 
enabled the appropriate dimensions and theoretical perform­
ance o f the modulator to be,easily ascertained.
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The impedance o f the stripline, w ith the crystal mounted, is 
approximately 28 Q and the electrical loss is less than 1 dB. 
An intensity modulation depth o f 22-6% is obtained with a 
drive power o f 10 W dissipated in a load at the far end o f the 
line. This was measured at frequencies up to 130 M H z using 
a photom ultip lier tube, but this did not perform reliably at 
higher frequencies. No accurate method for measuring the 
modulation depth above this frequency was available, but the 
modulator has been used up to 2 GHz using an avalanche 
photodiode as a detector. A llow ing for the frequency response 
o f the photodiode, there is apparently no appreciable fall in 
modulator performance.
N o degradation in performance has been observed due to 
temperature rise in the crystal caused by power dissipation, 
and no adjustments have been found necessary to allow for 
these changes.
The modulator has been in use for several months without 
any change in performance and has required no adjustments 
whatsoever.
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DETERMINATION OF STRUCTURAL VIBRATIONS 
USING A MODULATED LASER 
M Joynes and Q V Davis (University of Surrey)
SUMMARY
A remote displacement measuring system is described which uses an 
intensity modulated laser beam to determine vibrations of large 
structures such as buildings, without fixing corner cubes to the 
structure. The way in which the performance of coherent and 
incoherent laser systems compare is mentioned; and it is suggested 
that, under some typical conditions, use of an incoherent modulated 
laser system may be preferable.
The system investigated, which uses a frequency lock loop to track 
changes in target range, is described, together with some of its 
advantages over more conventional phase detection techniques. The 
practical performance of a laboratory set-up, using 100 MHz modula­
tion frequency, and a relatively small optical receiver, is summariz 
and it is reported that the system is able to follow target motions 
equivalent to a change in phase of one part in 1500, that is about 
1 mm movement, at 60 metres range.
MJ.QVD/CM
21.2.1973
1. INTRODUCTION
This paper describes a remote displacement measuring system which 
uses an intensity modulated Helium-Neon laser to determine, for example, 
the vibrations of large structures such as buildings.
When using a laser as a motion sensor a choice exists either to 
make use of the coherent nature of its radiation, and so use the laser 
emission wavelength as the unit of measurement; or to modulate the 
intensity of the beam, so combining the advantages of a narrow beam, 
monochromatic carrier with what is possibly a more suitable yard­
stick, namely the wavelength of the modulation.
The former choice, using an optical interference technique, has
. . (P
the well-known advantages resulting from coherent optical mixing '.
For example, the optical background noise entering the system is set by
the intermediate frequency electronic bandwidth, which can be extremely
small, in terms of optical filter bandwidths. Consequently, the noise
level is usually determined by quantum effects in the laser beam itself,
and the signal-to-noise ratio can approach the theoretical maximum.
High precision is inherent in such a technique because of the small optical
wavelength. However, certain limitations are imposed by (a) the degrada-
(2)
tion of the laser radiation coherence by non-specular targets, and
(b) the need for careful alignment at the optical mixer.
The alternative choice, using v.h.f. or microwave modulation of 
the laser beam has its own ’intrinsic advantages. For ranges around 
100 m, and under quite typical conditions - of background illumination, 
receiving apertures, and modulation depth - the signal-to-noise ratio 
for modulated beam systems can be somewhat better than for coherent 
systems* This arises mainly because a much larger receiver can be used.
It is not limited in aperture, as the coherent receiver must be. to
minimize the effect of the limitations (a) and (b) mentioned above; nor
is mechanical stability of the incoherent system so critical as in the 
coherent case. However, a narrow interference filter is necessary to 
limit the amount of background radiation falling on the receiver, where 
saturation could easily occur.
The system has been designed for the measurement of dynamic events,
such as target oscillation'. Consequently a much wider bandwidth and 
faster response time' have had to be used than would be necessary when 
measuring only static target ranges. In addition, the presence of 
co-operative targets could not be assumed, and so for a sensitivity of 1 mm
careful optimization of signal-to-noise ratio rwas required.
?.. DESCRIPTION OF THE SYSTEM
In cqmnion wTith other modulated beam instruments, (3,A), at the 
heart of this one is the phase detector into which is fed both, the signal 
modulation received from the target and a reference waveform. But, unlike 
other systems, in order to null the output of the detector, the modulation 
frequency is adjusted, rather than the reference phase. In essense, this 
frequency is altered until between transmitter and receiver there is an 
integral number of wavelengths. Figure 1 illustrates how the-wavelength 
of the modulation frequency must be changed, as the range changes, to 
maintain the above condition.
This principle is incorporated in a feedback control system, which 
is shown in the simplified diagram, Figure 2, the output of the voltage 
controlled oscillator (V.C.O.) is fed to the v.h.f. electro-optic
(5)
modulator. The resulting intensity modulated laser beam passes to the 
target and back, and a fraction is collected by the ‘optical receiver.
The phase of the received signal, is compared with that of the outgoing
signal in the v.h.f. mixer, and its output used to control the V.C.O.
frequency. This closed loop technique automatically makes the frequency
track changes in target range.
One advantage of this technique is that the phase detection can
be performed immediately after the photodetector. The more connventional
alternative is to pass the received signal through several stages of araplifica-
(3)
tion and frequency changing because accurate phase shifting of the 
reference waveform is most easily accomplished at lower frequencies.
The latter method suffers the disadvantage that these extra electronic 
elements are all likely to introduce unwanted phase shifts, and these are 
eliminated in the Frequency Lock Loop system described.
In the present system the only requirement is a fairly wideband 
isolating amplifier connecting the reference waveform to the phase detector. 
Clearly, if narrow band amplifiers are used, the resulting shifts of 
phase with frequency v7i.ll introduce errors.
An analogue output of the displacement information is immediately 
available as the V.C.O. control voltage. For greater accuracy, the changes 
in V.C.O. frequency can be precisely measured in sufficiently short time 
intervals, and the results related to target displacement. An added 
advantage of the system described, is that the lock frequency remains 
correct despite possible drifts in V.C.O. transfer function.
3. PRACTICAL PERFORMANCE
The performance of the system has been investigated in a laboratory 
set-up, with a target mounted externally to simulate typical conditions.
The modulation frequency used was 100 MHz, giving a basic yardstick of 
3 m. Working with a receiver of 13 cm diameter and modulation depth of
only 6%, the system is able to follow motions down to about 1 mm at 
about 60 m. At this range, the change in frequency with displacement is 
approximately 1 KHz/mm.
A Scotchlite target has been .used in these experiments, and is 
predicted to give some 27 dB better signal-to-noise ratio than would 
brick surfaces. Even so, with a fully developed instrument, a sensitivity 
of 1 mm should be attainable at ranges around 100 m. For example, by 
using a higher modulation frequency, a useful increase in sensitivity 
should be achieved, owing to the smaller vravelength, without introducing 
insurmountable difficulties.
The main practical problem is concerned with radiation from the 
transmitter reaching the receiver other than by the required path. In 
addicion to careful electrical shielding, the so called ’Pseudo­
superheterodyne’ technique has been employed to solve this problem. 
Essentially, the signal frequency is translated by ± 10 KHz to avoid 
breakthrough of the basic carrier at the receiver.
The relationship between output and displacement is not linear, 
but is predictable. However, at the range and frequency used in the 
experiments, it is within 2% of a linear law for displacements up to 
about 1 m. The availability of digital read-only-memories makes this 
point of small importance, in any case,because frequency measurement;itself 
can be handled by digital circuitry,
A. APPLICATIONS
The advantages of the technique described in different applications 
can be summarised as follows
1. It measures phase rather than Doppler frequency, and so is 
suited to the measurement of very slow changes in target position.
2. Its bandwidth can be opened out to measure fast oscillations, 
although with some deterioration in sensitivity.
3. A fully developed instrument should be capable of operating 
with natural targets, with a sensitivity of around 1 mm.
4. It is possible to determine target range to the same accuracy 
achieved for displacement measurements.
5. CONCLUSIONS
A modulated laser system for the remote measurement of displacement 
has been described. Experiments show that this may represent a viable 
alternative to coherent optical techniques in a range of applications.
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